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Applicants file this Appeal Brief, in triplicate, pursuant to 37 C.F.R. § 41 .37, in support of their 
Notice of Appeal, dated April 24, 2009, and filed concurrently with this Appeal Brief. This Appeal Brief 
is due on or before June 24, 2009. A check in the amount of $270.00 is enclosed to cover the fee for 
filing a brief in support of an appeal required under 37 C.F.R. § 41 .20(b)(2). Applicants do not believe 
any additional fees are due. However, the Commissioner is authorized to charge any additional fees that 
may be due, or to credit any overpayment, to Deposit Account No. 50-03 1 1 , Reference 25619-501. 

Real Party in Interest 

The real party in interest is Vascular Biogenics, Ltd, the assignee of the application from all 
inventors. 

Related Appeals and Interferences 

There are no related appeals and interferences for this matter. 

Status of Claims 

Claims 1-27 are cancelled. Claim 28 is pending and is the subject of this appeal. 
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Status of amendments 

No claim amendments were submitted after final rejection. 

Summary of the Claimed Subject Matter 

The sole independent claim on appeal is claim 28, which recites the following. 

A method for treatment of atherosclerosis in a subject (claim 14 as originally filed) comprising: 

• administering a therapeutically effective amount of an enteric coated tablet or granule 
composition (page 14, line 1 - page 15, line 4) comprising 

• isolated human oxidized low density lipoprotein and a pharmaceutically acceptable carrier for 
oral administration (page 15, line 30 - page 16, line 1 1). 

Grounds of Rejection To Be Reviewed on Appeal 

The rejection of claim 28 under 35 U.S.C. § 1 12, first paragraph, as failing to comply with the 
enablement requirement. It is the Examiner's position that claim 28 is not enabled for treating humans 
and inducing oral tolerance. 

Argument 

Applicants appeal the Examiner's enablement rejection of claim 28 under 35 U.S.C. § 1 12, first 
paragraph, as failing to comply with the enablement requirement. 

The Examiner states that the specification does not disclose how to use the claimed method to 
treat or prevent atherosclerosis in humans in vivo using an oral tolerance inducing amount of oxidized 
LDL. The Examiner further states that it is unpredictable whether human disease can be treated via 
inducing oral tolerance to a disease antigen. See, the instant Final Office Action at pages 4-6 and the 
Final Office Action mailed November 29, 2006 at pages 2-6. In support of the rejection, the Examiner 
recites In re Wands, 858 F.2d 73 1, 737 (Fed. Cir. 1988) factors (5), (7), (3) and (2) against claim 28 at 
pages 4-6 of the instant Final Office Action and pages 3-4 of the Final Office Action mailed November 
29, 2006. 

State of the Prior Art (Wands Factor 5) and Predictability or Unpredictability of the Art (Wands Factor 7) 

The Examiner states that regarding Wands factors (5) and (7), there is a high unpredictability in 
the art. Specifically, the Examiner cites Spack et al. Expert Opin. On Invest. Drugs, 6:1715-1727, 1997 
(" Spack ") and McKown et al., Arthritis and Rheum. 42: 1204-1208, 1999 ("McKown'') to show that it is 
unpredictable whether human disease can be treated via the induction of oral tolerance to a disease 
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antigen. See, the instant Final Office Action at pages 4-6 and the Final Office Action mailed November 
29, 2006 at pages 4-5. The Examiner further cites George et al. Cardiovasc Res. 62(3):603-9, 2004 
(" George ") to show that oral tolerance has proven successful in various immune models but yet efficacy 
in human disease is still pending. See, the instant Final Office Action at pages 4-5. 

Applicants submit that pending claim 28 does not recite or require the induction of oral tolerance 
as stated by the Examiner. In fact, claim 28 is not directed to the induction of oral tolerance at all; rather, 
claim 28 is directed to a method of treating atherosclerosis by administering a therapeutically effective 
amount of an enteric coated tablet or granule composition comprising isolated human oxidized LDL and a 
pharmaceutical^ acceptable carrier for oral administration. As such, the Examiner's arguments regarding 
the unpredictability of disease treatment via inducing oral tolerance to a disease antigen, including the 
discussion of McKown, Spack and George is misplaced and improper. 

Applicants have previously argued in the December 7, 2005 Amendment and Response, August 
31, 2006 Amendment and Response and the In-Person-Interview conducted on November 15, 2005 that 
the claims are directed to treating atherosclerosis and do not recite or require the induction of oral 
tolerance. However, the Examiner has stated that although the claims are not directed to a specific 
mechanism of action, the disclosure indicates that the claimed method works via oral tolerance and that 
the disclosure is sufficient to maintain the enablement rejection under 35 U.S.C. §112, first paragraph. 
See, the instant Final Office Action and the Final Office Action mailed November 29, 2006 at page 5 and 
the Office Action mailed March 3, 2006 at page 7. 

The Examiner's assertion is incorrect. It is well recognized under U.S. law, that it is not a 
requirement of patentability that an inventor correctly set forth, or even know, how or why the invention 
works. Newman v. Quigg, 877 F.2d 1575, 1581 (Fed. Cir. 1989). It is axiomatic that an inventor need 
not comprehend the scientific principles on which the practical effectiveness of his invention rests, nor is 
the inventor's theory or belief as to how the invention works a necessary element in the specification to 
satisfy the enablement requirement. Fromson v. Advance Offset Plate, Inc., 720 F.2d 1565, 1570 (Fed. 
Cir. 1983). A patent applicant need only teach how to achieve the claimed result, even if the theory of 
operation is not correctly explained or even understood. In re Isaacs, 347 F.2d 887, 892, 146 USPQ 193, 
197 (C.C.P.A. 1965). Applicants submit that the instant application discloses a method of treating 
atherosclerosis by administering a therapeutically effective amount of an enteric coated tablet or granule 
composition comprising isolated human oxidized LDL and a pharmaceutical^ acceptable carrier for oral 
administration and thus satisfies the how-to-use requirement of 35 U.S.C. §112, first paragraph, 
irrespective of whether the claimed method works via oral tolerance or another unidentified mechanism. 
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The Presence or Absence of Working Examples (Wands Factor 3) 

The Examiner states that regarding Wands factor (3), while the specification provides an example 
in a mouse model, there were copious amounts of mouse research that suggested that while oral tolerance 
could be used to treat multiple sclerosis and rheumatoid arthritis in such models, said diseases were not 
successfully treated in humans using oral tolerance. The Examiner again cites McKown , Spack and 
George to support this assertion. See, the instant Office Action at pages 4-6 and the Final Office Action 
mailed November 29, 2006 at pages 4-5. 

As described supra, claim 28 is not directed to the induction of oral tolerance and is not directed 
to the treatment of multiple sclerosis or rheumatoid arthritis and the citation of Spack and McKown is not 
relevant to the currently recited invention. The instant invention and the additional data generated using 
the teachings of the specification and reported in the December 7, 2005 Harats § 1.132 Declaration, 
attached hereto in the Evidence Appendix, readily demonstrate to one of ordinary skill in the art how to 
make and use the present invention to treat atherosclerosis by oral administration of isolated human 
oxidized LDL. 

Specifically, the instant specification and the additional data supplied in the December 7, 2005 
Harats § 1.132 Declaration provides a working example that demonstrates the successful treatment of 
atherosclerosis in an LDL-receptor deficient mouse by oral administration of isolated human oxidized 
LDL. See, Specification at, e.g., page 15, lines 20-29; and page 18, line 18 to page 19, line 31. It is well 
recognized in the art that the LDL-receptor deficient mouse is the preferred animal model to evaluate the 
effects of pharmacologic agents on atherosclerosis. LDL-receptor deficient mice, under appropriate 
conditions, develop complex atherosclerotic lesions and provide practical atherosclerotic mouse models 
and are the most utilized model to study lipids and atherosclerosis. See, August 31, 2006 Harats § 1.132 
Declaration at f 5-6 attached hereto in the Evidence Appendix. 

Specifically, the use of animal models (i.e. murine models) to evaluate the effects of 
pharmacologic agents on atherosclerosis was well recognized in the art when the instant application was 
filed (See, e.g., Bocan, Curr. Pharm. Des. 4(l):37-52, 1998); and, the LDL-receptor deficient mouse was 
recognized in the art as a preferred model of atherosclerosis at the time of the instant application. (See, 
e.g., Ishibashi et &\.,JClin Invest 92:883-893, 1993; Lichtman et al, Arterioscler. Thromb. Vase. Biol. 
19(8):1938-44, 1999; Maron, R. et al. t FASEBJ. 14:A1 199-(Abstr.), 2000). Moreover, mice having 
targeted inactivation of the apolipoprotein E (ApoE) gene and of the LDL-receptor gene, under 
appropriate conditions, develop complex atherosclerotic lesions and provide practical atherosclerotic 
mouse models and are the most utilized model to study lipids and atherosclerosis. See, December 7, 2005 
Harats §1.132 Declaration at 6. 
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To further support the rejection, the Examiner cites Wouters et al. Clin. Chem. Lab. Med. 43(5): 
470-479, 2005 (" Wouters ") and states that Wouters, discloses that the LDL-receptor mouse displays 
cholesterol metabolic pathways not found in humans and as a consequence "this route can serve as a 
backup mechanism for lipoprotein clearance in LDL-receptor mice, yielding unforeseen side effects." 
See, Final Office Action mailed November 29, 2006 at page 6. Although the LDL-receptor deficient 
mouse is not the optimal model for genetic human familial hypercholesterolemia, it is one of the most 
predictable models for human atherosclerosis and the likelihood of new molecules to work as anti- 
atherosclerosis drugs in humans is high {See, e.g., Babaei et al, Cardiovasc Res. 48(1): 15 8-67, 2000; 
Burleigh et al, Biochem Pharmacol 70(3):334-42, 2005; Chen et al, Circulation. 106(l):20-3, 2002; 
Collins et al, Arterioscler Thromb Vase Biol 21(3):365-71, 2001; Cyrus et al, Circulation. 107(4):521- 
3, 2003; Elhage et al,Am J Pathol 167(l):267-74, 2005; Li et al,JClin Invest. 106(4):523-3 1, 2000; 
Napoli et al, Proc Natl Acad Sci USA. 99(19): 12467-70, 2002). Human atherosclerotic plaques are 
infiltrated with lymphocytes and display an inflammatory phenotype that includes expression of pro- 
inflammatory cytokines. In this sense the LDL-receptor deficient mice have plaques similar to those of 
humans containing a significant number of lymphocytes (See, e.g., Roselaar et al, Arterioscler Thromb 
Vase Biol. 16(8): 1013-8, 1996). Moreover, therapeutic strategies that apply for atheroprotection in 
humans are similarly successful in LDL receptor deficient mice and may not be so in ApoE knockout 
mice (See, e.g., Wang et al, Atherosclerosis. 162(1): 23-31, 2002). These findings indicate that plaques 
developing in LDL receptor deficient mice may be more relevant to human atherosclerosis than other 
non-human models and thus, it is one of the most widely employed models for drug development in the 
field of atherosclerosis. See, December 7, 2005 Harats § 1.132 Declaration at % 6. 

The Amount of Direction or Guidance Presented (Wands Factor 2) 

The Examiner states that regarding Wands factor (2), there is no disclosure in the specification as 
to what doses would be used to induce the functional parameters recited in the claim which are related to 
properties of the oral tolerance induction mechanism. See, the instant Final Office Action and the Final 
Office Action mailed November 29, 2006 at pages 4-6. 

Once again, as described in detail supra, claim 28 is not directed to the induction of oral tolerance 
but rather are directed to a method of treating atherosclerosis by oral administration of an enteric coated 
tablet or granule composition comprising isolated human oxidized LDL and a pharmaceutical^ 
acceptable carrier 

Applicants have provided working examples that demonstrate the successful treatment of 
atherosclerosis by oral administration isolated human oxidized LDL in an LDL-receptor deficient mouse 
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and the LDL-receptor deficient mouse is the most art-recognized model of the biochemical and 
morphological effects of atherosclerosis. Further, the working examples provide a range of 
concentrations of the composition to treat atherosclerosis (See, e.g., page 18, lines 27-29; page 19, lines 
18-19). Applicants assert that one of ordinary skill in the art, using the teachings of the instant invention, 
would be able to determine the corresponding doses useful in other species, including humans, without 
undue experimentation. The specification need not disclose what is well known in the art. Genentech, 
Inc. v. Novo NordiskA/S, 108 F.3d 1361, 1366 (Fed. Cir. 1997) citing Hybritech Inc. v. Monoclonal 
Antibodies, Inc., 802 F.2d 1367, 1385, 231 U.S.P.Q. (BNA) 81, 94 (Fed. Cir. 1986). See, December 7, 
2005 Harats § 1 .132 Declaration at \ 7-8. 

Argument Conclusion 

As described supra, Applicants have provided several working examples, both in the 
specification and additional data confirming the results described in the specification, and demonstrated 
successful treatment of atherosclerosis by oral administration of isolated human oxidized LDL. 
Therefore, Applicants assert that one of ordinary skill in the art, using the teachings of the instant 
invention would be able to readily determine how to make and use the present invention and respectfully 
request that the Board reverse the Examiner's rejection of claim 28 under 35 U.S.C § 1 12, first 
paragraph. 

Claims Appendix 

A claims appendix listing the pending claim on appeal is attached to the end of this paper. 
Evidence Appendix 

An evidence appendix, including 37 C.F.R. §1.132 Declarations of Dror Harats and references 
submitted and entered into the record by the Examiner, is attached to the end of this paper. 
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Related Proceedings Appendix 

A related proceedings appendix, indicating that there are no related proceedings, is attached to the 
end of this paper. 




Ivor R. Elrifi, Reg. No. 39,529 
Matthew Pavao, Reg. No. 50,572 
Attorneys for Applicants 



c/o MINTZ LEVIN 
Tel.: (617) 542-6000 
Fax: (617)542-2241 

Dated: August 19, 2009 Customer No.: 30623 
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appendix 
Claims on Appeal 



Claim 28 (Previously Presented) A method for treatment of atherosclerosis in a subject, comprising 
administering a therapeutically effective amount of an enteric coated tablet or granule composition 
comprising isolated human oxidized low density lipoprotein and a pharmaceutically acceptable carrier for 
oral administration. 
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Evidence Appendix 

This evidence appendix includes the Declaration of Dror Harats under 37 C.F.R. §1.132 filed 
with Applicants December 7, 2 0 05 Amendment and Response. This §1.132 Declaration was entered into 
the record and considered by the Examiner in the Office Action mailed on March 3, 2006. The December 
7, 2005 Declaration of Dror Harats under 37 C.F.R. §1 .132 (including Figure 1) was resubmitted with 
Applicants November 25, 2008 Request for Continued Examination. The compete Declaration including 
Figure 1 was entered into the record and considered by the Examiner in the Final Office Action mailed 
December 3, 2008. 

This evidence appendix also includes the Declaration of Dror Harats under 37 C.F.R. §1.132 filed 
with Applicants August 31, 2006 Amendment and Response. This §1.132 Declaration was entered into 
the record and considered by the Examiner in the Final Office Action mailed on November 29, 2006. 

This evidence appendix also includes the following references submitted December 7, 2005 in a 
Supplemental Information Disclosure Statement and entered into the record by the Examiner in the non- 
final Office Action mailed March 3, 2006: 

• Bocan, Curr. Pharm. Des. 4(l):37-52, 1998; 

• Ishibashi et al, J Clin Invest 92:883-893, 1993; 

• Lichtman etal,Arterioseler. Thromb. Vase. Biol 19(8): 1938-44, 1999; 

• Maron, R. et al, FASEB J. 14:A1 199-(Abstr.), 2000; 

• Babaei etal, Cardiovasc Res. 48(1): 158-67, 2000; 

• Burleigh et al, Biochem Pharmacol 70(3):334-42, 2005; 

• Chen et al, Circulation. 106(l):20-3, 2002; 

• Collins et al,Arterioscler Thromb Vase Biol 21(3):365-71, 2001; 

• Cyrus et al, Circulation. 107(4):521-3, 2003; 

• Elhage et al.,AmJ Pathol 167(l):267-74, 2005; 

• Li etal, J Clin Invest. 106(4):523-31, 2000; 

• "NapoM etal,Proc Natl Acad Sci USA. 99(19): 12467-70, 2002; 

• Roselaar et al , Arterioscler Thromb Vase Biol 1 6(8): 1 0 1 3-8, 1 996; and 

• Wang et al, Atherosclerosis. 162(1): 23-3 1, 2002. 

These Declarations under §1.132 and these references are relied upon by Applicants in this 

appeal. 
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Appendix 
Related Proceedings 



None 
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DECLARATION OF DROR HARATS UNDER 37 C.F.R. §1.132 

I, Dror Harats, of 71 Mendes Street, 53 765 Ramat Gan, Israel, declare and state that: 

I am a coinventor, together with Yahuda Shoenfeld and Jacob George, in the above- 
referenced patent application. 

I received an M.D. degree from the Hebrew University Hadassah Medical School 
Jerusalem, Israel. I worked as a post-doctoral fellow at the University of Californil at San 

Francisco from 1991-1994. 

I am presently employed as the head of the "Institute of Lipids and Atherosclerosis"' at the 
Sheba Medical Center in Tel-Hashomer, Israel. I am an Associate Professor of Medicine 
at the Sackler School of Medicine, Tel-Aviv University, Tel-Aviv, Israel. I also serve as 
the Secretary of the Israeli Society for Research, Prevention and Treatment of 
Atheroclerosis, and drafted the Guidelines for Prevention of Cardiovascular Diseases in 
Israel, and am a member in good standing of the European Taskforce for Prevention and 
Treatment of Atherosclerosis and Cardiovascular Diseases. 

My research focuses on atherosclerosis. Since the beginning of my career, I have 
published over 80 scientific articles in highly regarded journals and books,' and have 
presented my achievements at many international scientific conferences. 
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I have reviewed the Final Office Action dated July 22, 2005. I understand that Claims 14, 
18-20 and 26 are rejected under 35 U.S.C. § 1 1 2, first paragraph, as failing to comply with 
the enablement requirement. I appreciate the Examiner's time discussing my invention at 
the November 2005 interview. In response to that rejection, as discussed at the interview 
with the Examiner, the claims have now been amended to recite a method of treating 
atherosclerosis by oral administration of an enteric coated composition comprising 
isolated copper-oxidized LDL or isolated human copper-oxidized LDL. 

The specification provides an example in a mouse model (as described in the 
Specification at, e.g., page 15, lines 20-29; and page 18, line 18 to page 19, line 3 1). I 
believe that the LDLR deficient mice used in the studies disclosed in the present 
application is the preferred, art-recognized model for atherosclerosis, for the reasons 
outlined below. 

Specifically, mice having targeted inactivation of the apolipoprotein E (ApoE) gene and 
of the LDLR gene, under appropriate conditions, develop complex atherosclerotic lesions 
and provide practical atherosclerotic mouse models and are the most utilized model to 
study lipids and atherosclerosis. ApoE is critical in lipoprotein trafficking (clearance of 
chylomicrons, VLDL, and HDL). Thus mice lacking apoE have plasma cholesterol levels 
that are 4 to 5 times normal and develop atherosclerotic lesions spontaneously, even when 
fed a normal diet. The lesions resemble human lesions and progress over time from an 
initial fatty streak to a complex lesion with a fibrous cap. Mice lacking the LDLR have 
less overt disease, with a modest 2 times normal plasma cholesterol level when 
maintained on a normal diet, and they develop atherosclerosis only slowly. However, in 
response to a high-fat, high-cholesterol diet, LDLR-deficient mice exhibit massive 
elevations in plasma cholesterol and rapidly develop atherosclerotic lesions throughout 
the aorta. 

The predictable development of atherosclerotic lesions and plaques and there resemblance 
to human atherosclerotic lesions and plaques along with other more general advantages of 
mice, such as their small size, short generation time,' and relative ease to care, have made 
the mouse a most valid, effective and practical model for the study of atherosclerosis. 
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Although the LDL-reeeptor deficient mouse isn't the optimal model for genetic human 
familial hypercholesterolemia, it is one of the most predictable models for human 
atherosclerosis and the likelihood of new molecules to work as anti-atherosclerosis drugs 
in humans is high. Human atherosclerotic plaques are infiltrated with lymphocytes and 
display an inflammatory phenotype that includes expression of pro-inflammatory 
cytokines. In this sense the LDL-receptor deficient mice have plaques similar to those of 
humans containing a significant number of lymphocytes. Moreover, therapeutic strategies 
that apply for atheroprotection in humans are similarly successful in LDL receptor 
deficient mice and may not be so in ApoE knockout mice. These findings indicate that 
plaques developing in LDL receptor deficient mice may be more relevant to human 
atherosclerosis than other non-human models and is one of the most widely employed 
models for drug development in the field of atherosclerosis. 

I believe that the present invention provides a range of concentrations of the composition 
to treat atherosclerosis (See, e.g., page 1 8, lines 27-29; page 19, lines 18-19) in the art- 
preferred model (LDLR deficient mice) for studying the biochemical and morphologic 
effects of atherosclerosis and that one of ordinary skill in the art, using the teachings of 
the instant invention, would be able to readily determine the corresponding doses useful 
in humans, without undue experimentation. 

We prepared and orally administered various dosages of isolated copper-oxidized LDL to 
mice according to the teachings of the instant specification and evaluated the aortic sinus 
lesion area in the aorta. As shown in Figure 1 appended hereto, oral administration of 
isolated copper-oxidized LDL decreases the aortic sinus lesion area by 45% as compared 
to non treated mice at several tested dosages per mouse (10>g, lOOug or lOOOug). 
Further, as shown in Figure 2 appended hereto, when mice were orally administered 
isolated copper-oxidized LDL at varying mg/kg body weight dosages (0.35mg/kg, 
3.5mg/kg or 35mg/kg) results showed decreases in the aortic sinus lesion area similar to 
results shown in Figure 1. These results show that a skilled artisan can, as a matter of 
routine, readily determine the appropriate therapeutically effective dose in humans. 
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9. I also understand that claims 14, 19, 27 and 28 are rejected under 35 US.C, §103(a)as 
being unpatentable over Sima et al M 11 th Int. Symp on Atherosclerosis, page 227, October 
1997 ("£ima") and Hansson et ah, 11 th Symp on Atherosclerosis, page 289, October 1997 
f 'Hansson ") in view of U.S. Patent No, 6,541,01 1 to Punnonen rFunnonen T> Y 

10. As described at the interview, neither of §ima and Hansson suggest any desirability or 
incentive to orally administer an enteric coated composition comprising isolated copper- 
oxidized LDL to treat atherosclerosis. In contrast, those preferences clearly teach that 
OxLDL contributes to the development of atherosclerosis (i.e., OxLDL is pro- 
atherosclerotic) - teaching away from the claimed invention. Additionally, OxLDL is 
ingested on a daily basis as part of a routine diet and OxLDL is degraded in the gut 
following ingestion. For this reason, at the time the application was filed, one of 
ordinary skill in the art would not be motivated to combine Sima and Hansson with 
Punnonen with a reasonable expectation of success. The results described in the 
specification demonstrate that the composition of the claimed invention (enteric coated 
composition comprising isolated copper-oxidized LDL and a pbarmaceutically 
acceptable carrier for oral administration) displays the unexpected ability to treat 
atherosclerosis. 

11. I further declare that all statements made herein of our own knowledge are try e and that 
all statements made on information and belief are believed to be true; and further that 
these statements were made with the knowledge that willful false statements and the like 
so made are punishable by fine or imprisonment, or both, under 18 U.S,C, § 1001 and 
that willful felse statements may jeopardize. the validity of this application and any patent 
issuing therefrom. 

Drorlfi&ats 

Signed this J[_ ^7 of December, 2005 

End: 
Appendix! 
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DECLARATION OF DROR HARATS UNDER 37 CF.R. §1.132 

I, Dror Harats, of 71 Mendes Street, 53 765 Ramat Gan, Israel, declare and state that: 

1 . I am a coinventor, together with Yehuda Shoenfeld and Jacob George, in the above- 
referenced patent application. 

2. I received an M.D. degree from the Hebrew University Hadassah Medical School, 
Jerusalem, Israel. I worked as a post-doctoral fellow at the University of California at San 
Francisco from 1991-1994. 

3 . I am presently employed as the head of the "Institute of Lipids and Atherosclerosis" at the 
Sheba Medical Center in Tel-Hashomer, Israel. I am an Associate Professor of Medicine 
at the Sackler School of Medicine, Tel-Aviv University, Tel-Aviv, Israel. I also serve as 
the Secretary of the Israeli Society for Research, Prevention and Treatment of 
Atheroclerosis, and drafted the Guidelines for Prevention of Cardiovascular Diseases in 
Israel, and am a member in good standing of the European Taskforce for Prevention and 
Treatment of Atherosclerosis and Cardiovascular Diseases. 

1. ■ My research focuses on atherosclerosis. Since" the beginning of my. career, I have 
published over 80 scientific articles in highly regarded journals and books, and have 
presented my achievements at many international scientific conferences. 
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5. I have reviewed the Office Action dated March 3 r 2006. I understand that Claims 14 and 
28 arc rejected under 35 U.S.C §112, first paragraph, &$ failing to comply with the 
enablement requirement, The Examiner asserts that the specification does not disclose 
how to use the claimed method to treat or prevent atherosclerosis in humans in vfvo using 
an oral tolerance inducing amount of oxidized LDL. The pending claim is not directed to 
the induction of oral tolerance, rather, it Is directed to a method of treating atherosclerosis 
by oral administration of an enteric coated tablet or granule composition comprising 
isolated human oxidized LDL. 

6. The specification provides an example in a mouse model (as described in the 
Specification at, e.g., page 15, lines 20-29; and page 18, line 18 to page 19, line 31). I 
assert that the LDLR deficient mice used In the studies disclosed in the present 
application, as wejl as the more rebent* studies, provided in the previous declaration, is a 
preferred, art-recognized model for atherosclerosis, as described In my previous 
declarations and supported by the state of the art 

Specifically, it is well recognized In the art that the LDLR deficient mouse is one of the 
preferred animal model to evaluate the efFects of pharmacologic agents on 
atherosclerosis. LDLR deficient mice, under appropriate conditions, develop complex 
atherosclerotic lesions and provide practical atherosclerotic mouse models and are the 
most utilized model to study lipids and atherosclerosis,, 

7. I further declare that all statements made herein of our own knowledge are true and that 
all statements made on information and belief are believed to be true; and further that 
these statements were made with the knowledge that willflil felse statements and the like 
so made are punishable by fine or imprisonment, or both, under 18 U.S.C. § 1001 and 
that willful false statements may jeopardize the validity of this application and any patent 
issuing therefrom. 




Dror Harats 
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Animal Models of Atherosclerosis and Interpretati. , of Drug Intervention 
Studies ^9v^m^«l 

Thomas MA. Bocan 
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Abstract- Atherosclerosis has often been defined as a multifactoral disease; 
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Introduction 

Atherosclerosis has often been defined as a multifactoral 
disease. In addition, hypercholesterolemia has become a widely 
accepted risk factor for premature development of coronary 
artery disease. Classical thinking argued that development of 
clinically significant atherosclerotic lesions was associated 
with two major processes. One is ^rocellular proliferauon 
which adds to intimal bulk and eventually leads to chronic 
ischemic syndromes via gradual constriction of the arterial 
lumen. THe second process Involves the combination of cd Bute 
necrosis and lipid deposition within the arterial intim* 
Enlargement of a lipid-rich core tends to erode *• *™»2 
til eventuating in plaque rupture, exposure of drculati ng blood 
to highly thrombogenic material and sudden ischemic episodes 
such as myocardial infarction [2.31- Considering our classical 
understanding of atherosclerosis progression, the current article 
•will review the histologic landmarks of the various stages of 
atherosclerosis and also provide a dynamic understanding of how 
the stages might be interrelated. A comparison of various 
hypercholesterolemia-induced animal models of atherosc eros 
wiiTbe made with a focus on their advantages and l.miutions 
when used to evaluate novel antiatherosclerotic drugs. Finally, 
me antiatherosclerotic activity of inhibitors of *Y*«W* 
Archolesterol O-acyltransferase (ACAT) Fig. (1) O-M . 3- 
hydxroxy-3-methylgh.tary. coenzyme A (HMG-CoA reductase) 
Fig (2) (15-18)-. 15-lipoxygenase (15-LO) and lipoprotein 
oxidation (anti-oxidants) Fig. (3) (19-22) will be dossed; 
however, an emphasis will be on describing how the models can 
discern the compound's direct from indirect antiatherosclerotic 
activity. 



Pathology of Atherosclerosis 

Atherosclerosis is a focal disease that has been shown to 
develop in a distinct pattern in both man and animals [4>SJ. As 
depicted in Fig. (4). atherosclerotic lesion development caabe. 
divided into six histologically distinct stages or lesion types 
and five dynamic phases [6.71. The formation of an .ntunal 
cushion at distinct sites within the arterial tree appears to 
precede the development of atherosclerosis and may be 
considered a normal aging process. Smooth muscle ceBs (SMC) 
migrate from the media, proliferate in the intima and secrete 
extracellular matrix. Extracellular lipid accumulate that » 
primarily of lipoprotein origin [81 decorates the secreted 
collagen, elastin and proteoglycans of the developing mttaa. 
Oxidation of the insudant lipoproteins (91 appears to set up a 
chemotactic gradient and stimulate endothelial cells to 
upregulate adhesion molecules, i.e.. vascular ceU adherion 
molecule-l (VCAM-l) [101. responsible for the recrmWM of 
monocyte-macrophages. Monocyte-macrophages are a baHma* 
of Type I to HI lesions and are both a culprit cell responsible for 
promoting lesion development and a potential point of. 
therapeutic intervention. Tie major difference in Type I to HI 
"lesions lie, in the relative amounts of ^ytc-rnampha*e 
foam cells. SMC, extracellular matrix and lipid and the gwss 
extent of these lesions on the arterial surface. These" lesions 
have classically been termed fatty dot,. 
fibrolipid lesions to denote their relative extent and degree of 
fibrosis. Therefore, progression from the innocuous inumal 
cushion to the Type III lesion that may occur over the first 20 to 
30 years of life can be characterized as Phase, 1. 
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Fig. (1). ACAT inhibitors. 

Enlargement of the extracellular lipid pool and formation of 
a deep intimal lipid-rich necrotic core is a distinguishing 
characteristic of the Type IV lesion. Type IV lesions can be 
described as a transitional lesion with many potential fates. 
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Episodic plaque fissures, microthrombi formation and expansion 
of the fibrous cap overlying the necrotic core can lead to the 
formation of the potentially more stable Type V lesions. (Phase 
2). Type V lesions that are often referred to as fibrous plaques 
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Fig. (2X HMG-CoA reductase inhibitor. 

have a developed fibrous cap, deep-intimal necrosis and a lipid* 
rich necrotic core composed of cholesterol clefts, calcium 
deposits and evidence of neovascularization. Continued fibrosis 
of a Type V lesion could silently occlude the arterial lumen 
(Phase 5). Rupture of the fibrous cap of a "type IV lesion can also 
generate a mural thrombus that is rapidly recanalated and 
retracted into the arterial wall to form a Type V lesion (Phase 3). 
A marked rupture (Phase 4) of the fibrous cap, generation of an 
. occlusive thrombus, myocardial infarction and sudden death is a 
final fate of the Type IV lesion and for the purpose of 
classification has been denoted as a Type VI complicated plaque. 

In summary, atherosclerotic lesion progression in man 
involves episodes of SMC proliferation, extracellular matrix 
deposition and remodeling, lipid infiltration, endothelial cell- 
monocyte interactions, monocyte migration into the intima, 
monocyte-macrophage foam cell formation, necrotic lipid-rich 
core formation, calcium deposition, neovascularization, mural 
microthrombi and occlusive acute thrombosis. Some of the cell- 
derived factors that may contribute to atherosclerotic lesion 
development have previously been reviewed [11]. 

Animal Models of Atherosclerosis 

Given the complexity of atherosclerotic lesion development 
in man, the challenge exists to develop animal models that 
closely mimic the human disease. One must accept, however, 
that there is no one perfect animal mode) that completely 
replicates the stages of human atherosclerosis but that the 
models are useful in studying specific pathologic processes 
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associated with the disease. Irrespective of species, there are 
several common features shared by most models of 
atherosclerosis. Firstly, induction of vascular lesions in most 
animal models is dependent upon development of a plasma 
hypercholesterolemia. Plasma cholesterol elevations can either 
be induced by dietary supplementation with cholesterol, hepatic 
overproduction of lipoproteins or genetic mutation of receptors 
and/or receptor ligands responsible for lipoprotein clearance. 
Secondly, to accelerate development of atherosclerotic lesions 
in hypercholesterolemic animals various forms of acute or 
chronic endothelial damage have been employed. The animal 
models differ with respect to degree of dietary cholesterol 
supplementation, length of hypercholesterolemia, dietary 
regimen and type, duration and degree of mechanical endothelial 
injury. Thus, this section will describe the various rabbit, 
hamster, pig, monkey and transgenic mouse models of 
atherosclerosis with respect to the different experimental 
protocols utilized to induce atherosclerotic lesions, the stage of 
atherosclerotic lesion development being replicated and 
advantages or disadvantages of the model for drug intervention 
studies. 

Rabbits 

The cholesterol-fed rabbit has been extensively used as a 
model of atherosclerosis since the identification by Anitschkow 
[12] in 1913 that short-term cholesterol feeding results in 
formation of foamy lesions within the aorta. Historically, 
supplementation of commercial rabbit chow with 1 to 3% 
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Fig. (4). Schematic representation of atherosclerotic lesion progression (adapted from references [6, 7J). 



cholesterol and 4 to 8% fat [13] for 6 to 8 weeks has resulted in 
marked elevations in plasma cholesterol, i.e., 1000 to 3000 
mg/dl. cholesteryl ester accumulation in hepatic and peripheral 
tissues [14.15] and development of aortic macrophage foam cell 
enriched lesions. Development of atherosclerosis in the 
coronaries is limited to the small intramyocardial vessels and 
not the larger epicardial vessels as has been found in man (16]. 
The rabbit atherosclerotic lesions were reminiscent in cellular 
composition to Type I to III human lesions. Kriichevsky and 
colleagues have performed numerous cholesterol feeding 
experiments in which they maintained the cholesterol 
supplementation constant, i.e., 2%, and altered the type of 
dietary fat to further refine the role of cholesterol metabolism in 
atherosclerosis progression. A notable finding was that upon 
addition of 6% peanut oil or 6% coconut oil to a 2% cholesterol 
diet two histologically distinct atherosclerotic lesions 
developed [17.18]. Peanut oil supplementation produced aortic 
lesions that contained relatively little lipid but abundant smooth 
muscle cell proliferation and collagen deposition. In contrast, 
addition of 6% coconut oil to the diet resulted in lesions with 
demonstrable intracellular lipid and intimal* proliferation; 
however, less collagen and elastin were evident. Although 
elevated plasma cholesterol levels induce atherosclerotic lesions 
and dietary fat composition may affect the cellular composition 
of the lesion. in rabbits, prolonged hypercholesterolemia results 
in exponential cholesterol enrichment of many peripheral 
organs [19]. 

The marked cholesteryl ester enrichment of peripheral 
organs such as the liver and spleen may be problematic when 
evaluating pharmacologic agents. Liver metabolism of 
compounds may be compromised or enhanced in animals fed a 
high cholesterol diet and ihe resulting plasma levels may be 
either an underestimate or overestimate of the actual efficacious 
drug levels. Feeding a 2% cholesterol diet results in marked 
plasma total cholesterol levels and cholesteryl ester enriched 
beta-VLDL as the primary plasma lipoprotein [20). Given the 
pro-atherogenic nature of beta-VLDL [21], the direct 
antiatherosclerotic activity of compounds with mechanisms 



unrelated to cholesterol lowering may be masked due to the 
profound effect of beta-VLDL on monocyte-macrophage 
cholesteryl ester enrichment. We have noted that while 
compounds like ACAT inhibitors Fig. (1) (1-14) which prevent 
the accumulation of cholesteryl esters are antiatherosclerotic 
under such conditions, the 15-LO inhibitor, PD146176 Fig (?) 
(19), lacks activity because it's mechanism of action may be 
related to oxidation of lipoproteins or pre-rnacrophage events 
such as monocyte adherence and transmigration. 

Rabbit models of atherosclerosis have been developed which 
limit the amount of dietary cholesterol supplementation [22]; 
however, such models are time consuming and for that reason 
may have limited utility for screening antiatherosclerotic 
agents. Wilson and colleagues [22J fed rabbits an agar-gel diet 
containing 19% butter arid 1% corn oil for up to 5 years. Plasma 
total cholesterol levels were approximately 300 mg/dl and over 
the course of 5 years atherosclerotic lesions representing Type I 
to V lesions were noted. Advanced atherosclerosis can also be 
induced in a shorter time frame by intermittent feeding of a 1% 
cholesterol, 5% cottonseed oil diet for 2 months followed by 6 
months of a chow diet and 2 additional months of the cholesterol 
diet [23,24]. While plasma cholesterol levels fluctuated with 
dietary cholesterol supplementation, the five stages of 
atherosclerosis were present in both aorta and coronary arteries. 
Protracted feeding of a low cholesterol diet or intermittent 
feeding of high and low cholesterol diets produced 
histologically similar atherosclerotic lesions. Given the 
disparate plasma total cholesterol levels, these data suggest that 
the lipoprotein profile may play an important role in the rate at 
which atherosclerotic lesions develop. Feeding studies have 
indicated that beta-VLDL was the primary lipoprotein in rabbits 
fed a cholesterol diet while LDL-like particles predominated in 
animals fed a semisynthetic casein-enriched diet [25]. 
Morphologic and morphometry analysis of rabbits fed either a 
0.125% to 0.5% cholesterol or casein-enriched diet for 6 months 
revealed that atherosclerotic lesions developed in both models; 
however, the nature and extent of lesions varied [25, 26]. At 
comparable plasma cholesterol levels, the cholesterol-fed 
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rabbits had approximately twice the extent of aortic 
atherosclerosis relative to the casein-fed animals and Type IV- V 
lesions predominated. In the casein-fed rabbits, 30% of the aorta 
contained atherosclerotic lesions that ranged in appearance from 
fatty dots to fibrous plaques with a necrotic lipid-rich core 
[25,26). These data indicate that under a similar time frame and 
plasma cholesterol level the type of dietary supplementation can 
affect the quantity and type of atherosclerotic lesion that 
develops primarily by altering the major cholesterol caring 
lipoprotein, i.e., beta-VLDL or LDL. 

Genetic models of atherosclerosis, namely, the homozygote 
Watanabe Heritable Hyperlipidemic rabbit (WHHL) which lacks 
functional LDL receptors, have also been compared to 
cholesterol-fed rabbit models [27,28]. Like the casein-fed 
rabbits, plasma cholesterol was primarily distributed in LDL. In 
WHHL rabbits, leukocyte margination, subendothelial 
accumulation of isolated lipid-filled macrophages, accumulation 
of SMC and formation of fatty streaks occurred over the first 4 
weeks of life [27], A similar sequence of lesion formation was 
noted in New Zealand White rabbits fed a 0.1% to 0.2% 
cholesterol diet. Expansion of the lipid-filled monocyte- 
macrophage rich lesions, i.e. Type MU fatty streaks, occurred 
during the first 6 months in both types of rabbits while complex 
Type V fibrous plaque lesions were noted in the WHHL and 
cholesterol-fed rabbits by 13 months of age [28-30]. An 
enrichment of cholesteryl ester, primarily cholesieryl oleate 
was noted in the aorta of both animals over the course of 13 
months and such a finding was consistent with the morphologic 
data noted above [31]. Despite the different lipoprotein 
distribution, one must conclude that the development of 
atherosclerosis in WHHL and cholesterol-fed rabbit is very 
similar and occurs within a similar time frame. One might 
propose that the WHHL rabbits may be useful to assess agents 
which lower plasma cholesterol by altering lipoprotein 
production since these animals lack functional LDL receptors. 
Cholesterol-fed models are less expensive and lime consuming 
and may be manipulated by altering the level of cholesterol 
intake to assess the significance of graded degrees of 
hyercholestcrolemia on cellular processes associated with lesion 
formation, e.g., monocyte adherence, margination and foam cell 
formation. 

Thus far in the discussion of rabbits as models of 
atherosclerosis it is apparent that human-like atherosclerotic 
lesions can be induced by elevating plasma cholesterol levels 
through continuous or intermittent feeding of a cholesterol diet, 
a casein-enriched diet or by deleting functional LDL receptors as 
in the WHHL rabbit. It is also quite obvious that in such models 
a great deal of time is required to induce atherosclerotic lesions 
comparable to man, i.e., 6 months to 5 years. 

Hypercholesterolemia and mechanical denudation of the 
endothelium in various vascular regions of the rabbit have been 
utilized to develop shorter-term models of atherosclerosis with a 
high degree of predictability as to the location and type of 
atherosclerotic lesion. Acute mechanical injury of the arterial 
vessel wall can be achieved using a variety of methods. A 
balloon embolectomy catheter [32] can denude the vessel and 
distend the media while gentle denudation can be achieved by 
drawing a nylon filament over the surface of the vessel [33, 34]. 
Moderate injury and denudation occur following cutting of the 
internal elastic lamina with a metal or diamond tipped catheter 
135]. Chronic endothelial damage has been shown to promote 
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thrombosis at the catheter tip and formation of fibrous lesions 
[36, 37], We have used a combination of chronic endothelial 
injury using a surgically implanted sterile nylon monofilament 
and dietary cholesterol supplementation [38, 39]. Combination 
of hypercholesterolemia and endothelial injury has allowed one 
to develop a model of atherosclerosis that is reproducible, has a 
high incidence of lesion formation and a predictable lesion site 
and type. The character of the atherosclerotic lesion is dependent 
upon the degree, length and type of hypercholesterolemia 
induced. 

In summary, hypercholesterolemic rabbits are valuable 
models and the most widely used model for the evaluation of 
pharmacologic agents. Five types of human-like aterosclerotic 
lesions can be induced in the rabbit; however, the model is 
limited in that evidence of the complicated ruptured fibrous 
plaques cannot be found. Rabbits are also valuable for 
atherosclerosis research because unlike other models, 
atherosclerotic lesions progress even after removal of dietary 
cholesterol supplementation [23,40]. Evaluation of the direct 
antiatherosclerotic properties of hypocholesterolemic agents 
requires normalization of plasma cholesterol levels by diet prior 
to drug administration. Since rabbit atherosclerotic lesions will 
become more complex following cholesterol removal, agents 
which act by directly altering cellular processes such as ACAT 
inhibitors that limit macrophage apcumulation can be discerned 
and their effect on lesion progression/regression can be 
monitored. 

Hamster 

Another model of atherosclerosis, that has received recent 
attention is the hypercholesterolemic hamster. Male hamsters 
fed a 3% cholesterol. 15% butterfat diet for up to a month had 
elevated plasma cholesterol levels and the presence of Type I 
fatty dots and fatty streaks within the aortic arch [41]. Within 3 
to 4 months of the very high cholesterol/fat diet, expansion of 
the fatty streaks into the^ thoracic aorta around sites of 
intercostal ostia was noted [41], By 10 months of cholesterol 
supplementation when plasma cholesterol levels were, 17-times 
normal, advance Type V lesions were observed in , the aortic arch 
of the hamster but their extent was quite limited, i.c, 30% of tne 
cross-sectional vessel surface. Feeding hamsters a 0.2% 
cholesterol. 10% coconut oil for 10 weeks [42] or 0.05% 
cholesterol, 10% coconut oil for 8 weeks [43] resulted in the 
accumulation of monocyte-macrophages within the aorta arch. 
Thus, short-term feeding of a cholesterol and either coconut oil 
or butterfat diet to hamsters is a model of subendothelial 
monocyte-macrophage foam cell formation. Atherosclerotic 
lesions can be found predictably within the inner curvature of the 
aortic arch and can be identified by staining with the lipid dye, 
Oil Red O. Such a model is useful due to its size for the acute 
evaluation of agents that may interfere with the early stages of 
lesion formation, e.g., monocyte adherence, transmigration and 
foam cell formation. 

The hypercholesterolemic hamster has been used for the 
evaluation of numerous pharmacologic agents with varying 
mechanisms of action. Doxazosin Fig. (5) (23), an i alpha-l 
adrenergic inhibitor, and cholestyramine Fig. (5) (24) 
decreased the extent of Oil Red O-positive macrophage foam 
cells; however, one could not discern that this was a direct effect 
on the arterial wall because plasma cholesterol levels were 
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reduced by both groups and doxazosin (23) lowered blood 
pressure [43). Higher doses of doxazosin (23) did not have any 
greater lipid lowering effect but a more marked reduction in 
macrophage foam cell area was noted and such data is suggestive 
that the compound may have a direct effect on monocyte- 
macrophage accumulation [42]. The HMG-CoA reductase 
inhibitor, lovastatin Fig. (2) (15). also was shown to reduce 
macrophage accumulation but again the changes were associated 
with a decrease in plasma cholesterol levels [44]. inhibitors tof 
angiotensin converting enzyme such as captopril Fig. (5) izsj 
without lowering plasma cholesterol and fosinopril Fig. (5) 
(26) by lowering LDL cholesterol, reduced aortic arch 
macrophage accumulation [45]. An additional study with 
captopril (25) and fosinopril (26) aimed at assessing the ability 
of these compounds to regress hamster atherosclerotic lesions 
was performed [46]. Both compounds were reported to reduced 
macrophage accumulation and thereby induce regression; 
however, while a group of animals was necropsied at 4 weeks to 
establish the degree of atherosclerosis prior to in«« rven,io " 
only the drug treated animals were followed for an additional 6 
weeks. A control designed to assess the effect of plasma 
cholesterol lowering or continued cholesterol feeding without 
intervention was not included. The ACAT inhibitor, octimibate 
[47] Fig (1) (1). and endothelial subtype A receptor antagonist. 
BMS-182874 [48] Fig. (5) (27). both of which lowered plasma 
cholesterol, and the prostacyclin agonist. BMY42393 [47] Fig. 
(5) (28) in the absence of cholesterol lowering, have been 



shown to limit macrophage accumulation in the 
hypercholesterolemic hamster. Thus, the hypercholesterolemic 
hamster has proven to be a useful model for the assessment of 
compounds; however, the changes in plasma cholesterol and 
blood pressure confound the interpretation of the 
antiatherosclerotic data and limit one's ability to ascribe the 
activity to a direct effect of the compounds. 

Swine 

Swine are a non-rodent model of atherosclerosis in which 
atherosclerotic lesions have been found to develop 
spontaneously [49J. The pathogenesis of lesion development in 
pigs has been shown to closely parallel the stages of lesion 
formation as seen in man [50-52). In addition, atherosclerotic 
lesion development can be exacerbated by combination or 
hypercholesterolemia and endothelial Injury [53-56]. A . strair, .of 
pigs with mutant apolipoprotein B alleles has been identified 
and these animals have been shown to be hypercholesterolemic 
due to defective lipoprotein clearance and prone to premature 
development of atherosclerosis [57-60]. Unlike the rabbit and 
hamster where lesions predominate in the aorta, atherosclerotic 
lesions have been observed in cerebral [61] and coronary [62] 
vessels of the pig. Thus, swine are a useful model for the 
evaluation of atherosclerosis from the perspective that lesions 
develop spontaneously, their circulatory system and 
localization of lesions are similar to man and the lesions are 
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responsive to dietary intervention by exhibiting regression 
after prolonged periods [63 ,64 J. 

Despite their similarity to man with respect to 
atherosclerosis development, swine are not widely used for the 
evaluation of antiatherosclerotic agents. We have reported that 
the ACAT inhibitor. CI-976 Fig. (1) (2), blunted the 
progression of diet- and injury-induced atherosclerotic lesions in 
Yucatan miniature pigs potentially by inhibiting arterial ACAT 
and by lowering plasma VLDL-cholesterol levels [65]. The ACE 
inhibitor, perindopril Fig. (5) (29). was evaluated in 
hypercholesterolemic miniature pigs and noted to limit the 
development and monocyte-macrophage enrichment of aortic 
lesion; however, mean arterial blood pressure (MABP) was 
reduced in the animals [66]. Such reductions in MABP like the 
decrease in VLDL-cholesterol levels confound the interpretation 
of the data and limit one's ability to ascertain whether the 
compounds had a direct effect on lesion development. The 
limited a priori knowledge of a compound's effect on plasma 
cholesterol or blood pressure and the animal's inherent size are 
major disadvantages of using pigs for assessment of a 
compound's direct antiatherosclerotic potential. Miniature 
swine weigh approximately 12 kg at 4 months of age and in our 
studies feeding pigs a 2% cholesterol. 16% fat diet resulted in a 
doubling of their body weight within 4 months of diet 
initiation. Therefore, although swine are excellent models of 
atherosclerosis that mimic the human disease from the 
perspective of lesion pathology, such a model may be limited to 
evaluation of the antiatherosclerotic potential of compounds 
during their drug development stages rather than discovery 
phases. 

Monkeys 

Non-human primates have often been portrayed as ideal 
models of human atherosclerosis due to their close phytogenetic 
association to man: The morphologic characterization of 
atherosclerotic lesion progression and regression has been 
pcrfonned in cynomlgous (Macaca fascicularis)[6V69h rhesus 
(Macaca mulatto) [70], cebus (Cebus albifrons) 171], , squirrel 
(Saimiri sciureus) [71] and pigtail (Macaca nemestrina) [72-75J 
monkeys. The pathology of atherosclerotic lesion development 
in various monkey species has been shown to be quite similar to 
man. Spontaneous development of atherosclerotic lesions is rare 
in non-human primates; however, like in the animals noted 
above cholesterol feeding has been shown to promote the 
development of atherosclerosis in the monkey. Experimentally 
induced advanced atherosclerosis in monkeys requires 
approximately 3 years and addition of dietary cholesterol 
' supplementation to produce plasma cholesterol levels of 
between 350 and 500 rog/d). The "localization of atherosclerotic 
lesions was similar to man in that lesions were present in the 
coronary arteries, abdominal aorta and iliac arteries. Plasma 
cholesterol levels of 200-400 mg/dl have been noted to produce 
advanced Type V fibrous plaques In Macaca nemestrina after 3.5 
years of diet [72,73]. A retrospective evaluation of cebus and 
squirrel mohkeys administered a normal diet without cholesterol 
supplementation and ranging in age from 12 to 20 years 
highlighted the difference in susceptibility to atherosclerosis 
and lesion character [71). The older squirrel monkeys were found 
to have advanced Type 1V-V atherosclerotic lesions containing 
lipid enrichment and a necrotic lipid core in the abdominal aorta 
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while lesions from ;r cebus monkeys were characterized as 

diffuse intimal thickening without lipid accumulation [711. 
Thus, it is apparent from evaluation of monkey models of 
atherosclerosis that lesions of comparable character to man, 
swine and in some cases rabbits can be achieved; however, a 
combination of a lower plasma cholesterol level and a longer 
period of time is required for lesion progression. 

Few studies have been performed in monkeys using either 
dietary or pharmacologic intervention to promote lesion 
regression. After a 30 month lesion induction phase, switching 
cynomologous monkeys to a chow diet initially, i.e., 6 months, 
results in a reduction in monocyte-macrophages and cholesteryl 
esters; however, intimal necrosis and free cholesterol 
monohydrate remain [67]. Within 12 months, the 
atherosclerotic lesions tended to resolve to an intimal scar with 
a lipid composition similar to normal vessels except for the 
presence of cholesterol crystals [67]. The bile acid sequestrant, 
cholestyramine Fig. (5) (24), the antioxidant, probucoi Fig. 0) 
(20), either alone or upon coadministration was shown to 
promote atherosclerosis lesion regression in the rhesus 
monkeys [76] presumably due to lowering plasma cholesterol 
levels. Therefore, although atherosclerotic lesion development 
appears to mimic human disease progression, the utility of using 
these animals for drug discovery is limited by their availability 
and potential variability due to their underlying differences m 
age and degree of atherosclerosis progression. In addition, given 
the time frames required for lesion development in the monkey, 
rabbits fed a low cholesterol diet may be a viable substitute as 
shown by Wilson and colleagues [22]. 

Transgenic Mice 

Due to advances in molecular biology and the realization thai 
mice, in general, are normally resistant to the development of 
atherosclerosis [77], genetically engineered mice have been 
developed which are predisposed to hyr*rcbolesterolc^a- 
induced disease. Two well-characterized transgenic mouse models 
of atherosclerosis are the apolipoprotein B (apoEMcficient 
mouse [78-80] and the low density lipoprotein (LDL) receptor- 
negative mouse [81,82]. ApoE is a major component of plasma 
lipoproteins that has a high affinity for LDL receptors and 
chylomicron remnant receptors [83,84] and may be important m 
facilitating reverse-cholesterol transport from peripheral 
tissues. The apoE-deficient mice have been shown to be 
hypercholesterolemic. i.e., 400 to 700 mg/dl at 5 to 55 weeks of 
age, while maintained on a chow diet [79]. Atherosclerotic 
lesions develop naturally over the time frame of 11. to 64 weeks, 
within the aortic sinus and exhibit a similar histologic 
appearance as Type 1 to V lesions. Monocyte-macrophage foam 
cells predominate either as individual cells or clusters in the 
early stages of lesion development, he., less than 28 weeks, 
while fibrosis,, intimal necrosis, acellular. necrotic lipid-rich 
cores with evidence of cholesterol clefts can be found after 32 
weeks of age [79]. A similar histologic pattern can be seen in 
apoE-deficient mice fed a Western-type diet, i.e., 0.15% 
cholesterol; however the timecourse of lesion development is 
shorter and the extent of atherosclerosis is greater [80]. 
Cholesterol-fed apoE-deficient mice have plasma cholesterol 
levels of 1000 to 4400 mg/dl over 6 to 40 weeks of age. 
Evidence of Type IV-V complex fibrous plaques can be seen as 
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early as 15 weeks and the lesions are not only present in (he 
aortic sinus but also associated with the bifurcations of such 
major branch vessels as the common carotids, celiac, 
mesenteric, renal and iliac arteries [80]. 

The LDL receptor-negative transgenic mouse has also been 
developed (81.82]. Unlike the apoE-deficient mice, 
atherosclerotic lesions do not occur naturally during the 
timeframes currently studied, i.e., 6 months [82). Dietary 
supplementation with 0.15% cholesterol results in plasma 
cholesterol levels of 900 to 1000 mg/dl over 6 months and the 
development of atherosclerotic lesions within the aortic sinus. 
The morphologic appearance and extent of atherosclerosis in the 
LDL receptor-negative mouse is similar to comparably fed apoE- 
deficient mice; however, plasma cholesterol levels are half that 
noted for the apoE-deficient mice and there is greater variability 
in the latter mouse model [82]. Thus, both the apoE and LDL 
receptor-deficient mice are viable small animal models for the 
evaluation of atherosclerotic lesion progression. 

The utility of apoE and LDL receptor-deficient mice for the 
evaluation of antiatherosclerotic agents has yet to be 
determined Few studies have been reported which utilize these 
mice in drug intervention studies. The antioxidant, N.N'- 
diphenyl 1,4-phenylenediamine (DPPD) Fig. (3) (21) has been 
evaluated in apoE-deficient mice fed along with a 0.15% 
cholesterol diet for 6 months and was found to reduce the extent 
of aortic atherosclerosis by 36%, i.e., control - 22%; DPPD (21) 
- 14% lesion coverage [85). In contrast, probucol Fig. (3) (20), 
another antioxidant with hypolipidemic properties, accelerated 
the development of atherosclerosis in apoE-deficient mice 
irrespective of whether the compound was administered in a 
chow or cholesterol containing diet and despite lowering plasma 
cholesterol level [86J. Such paradoxical observations raise an 
important issue relating to interpretation of the results of drug 
intervention studies in genetically derived mouse models. One 
must question the appropriateness of the model for testing the 
specific compound of interest. For instance, unlike the LDL 
receptor-negative mouse that is a model of a naturally occurring 
abnorroality..i.c, familial hypercholesterolemia, apoE-deficient 
mice possess a specific genetic deletion of an apolipoprotem 
that may be necessary for reverse-cholesterol transport. One can 
argue that if a compound's antiatherosclerotic activity is 
mediated through apoE metabolism such a mouse model would be 
inappropriate for assessing the compound's activity. 

Numerous other transgenic mouse models have been 
developed. A few transgenic mouse models of potential 
relevance to atherosclerosis from the perspective of Hpopro|«" 
metabolism are the human apolipoprotem B [87], 
apotlpopiDtein (a) [88], Lp(a) [89,90] and cholesteryl ester 
transfer protein (CETP) [91] transgenic models. In addition, one 
might predict that site specific deletions or overexpression of 
pro-atherosclerotic molecules such as adhesion molecules, 
* growth factors, cytokines or integrins, for example, would be 
useful models for the assessment of direct acting 
antiatherosclerotic agents. A caveat to such an approach is 
exemplified by the comparison of the apoE- and LDL receptor- 
deficient mice. Both genetic defects resulted in a similar 
atherosclerotic lesion pathology and required some degree of 
hypercholesterolemia. Therefore, temporal evaluations of lesion 
development in the presence and absence of pharmacologic 
agents may be more informative in assessing whether the 
specific gene product/defect exacerbates disease progression and 
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whether pathologic redundancies limit the efficacy of the 
specific pharmacologic entity. 

Pharmacologic Intervention Studies 



ACAT 

Acyl-CoA:cholesteroI O-acyl transferase (ACAT) is the 
primary enzyme responsible for the esterification of cholesterol 
in all mammalian cells, but under conditions of excessive 
cholesterol accumulation in the vascular wall, ACAT may be 
responsible for the generation of the hallmark of 
atherosclerosis, namely, the monocyte-macrophage foam cell. 
Since ACAT and cholesterol esterification may be considered a 
pro-atherogenic event, we and others have hypothesized that 
inhibition of arterial wall* ACAT may prevent the formation of 
the macrophage-enriched fatty streak and the development of the 
clinically significant fibrous plaque. In addition, given the 
observations that monocyte-macrophages are localized to the 
potentially friable shoulder regions of atherosclerotic lesions 
and in association with matrix degrading enzymes, one might 
speculate that by limiting the accumulation of monocyte- 
macrophages through inhibition of ACAT one would promote 
the development of a stable plaque morphology. 

Several inhibitors of ACAT have been evaluated in animals 
and they have been found to be antiatherosclerotic by measuring 
changes in lesion extent and/or cholesteryl ester enrichment. 
Schaffer and coworkers [92) reported that administration of 
CL277082 Fig. (1) (3) to rabbits for 16 weeks after a 10-week 
lesion induction phase resulted in a 49% reduction in aortic 
cholesteryl ester content. Cyclandalate Fig. (1) (4), a relatively 
weak inhibitor (IC 50 = 80 (M) with an unknown mechanism of 
inhibition [93] was shown to blunt the increase in aortic total 
cholesterol content when given to rabbits in a low-cholesterol 
chow diet after a lesion induction phase [94]. A more specific 
and potent inhibitor of ACAT, namely, RP-70676 Fig. (1) (5), 
administered in a similar manner as cyclandalate (4). was 
reported to decrease aortic free and cstcrifled cholesterol content 
by 27 to 42% [95]. In addition, melinamide [96,97] Fig. (1) W 
and the furobenzochrome Fig. (1) (7) reported by Gammill ecaL 
[98] were shown to prevent lesion formation in cholesterol-fed 
rabbits- Kimura and colleagues have also reported that a series 
of phenylureas Fig (1) (8,9, 10) ^mi ted the proton of 
aortic atherosclerotic lesions in the rabbit [99,1 00). Other 
potent and systemically bioavailable inhibitors of ACAT, 
Lnely. E5324 [101] Fig. (DUD and FR 1 45 237 [102] F.g 
(1)(12), significantly inhibited the progression and cholesterol 
enrichment of aortic atherosclerosis in rabbits. a ' 9 j\^' 
U)(2). a potent, systemically bioavailable inhibitor of ACAT 
was evaluated in hypercholesterolemic Yucatan, micrppigs and 
was noted to prevent the formation of atherosclerotic lesions 
[65). Despite achieving plasma CI-976 (2) levels of 9 to 52 
times the 1C 50 for inhibition of ACAT in mouse peritoneal 
macrophages, an accepted in vitro model of foam cell formation, 
one was left to conclude in this model that the 
antiatherosclerotic activity of the compound may be related to 
reductions in plasma VLDL-cholesterol since the 
antiatherosclerotic activity was highly correlated with plasma 
VLDL-cholesterol levels. Therefore, given the fact that in each 
of the studies cited above plasma total cholesterol levels were 
reduced in the animal models to the same extent or greater than 
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animals switched to a chow, low cholesterol diet, classification 
of these compounds as direct acting antiatherosclerotic agents is 
difficult- 

Direct inhibition of arterial wall ACAT with a potent, 
systemicalty bioavailable agent although much harder to discern 
both pteciinically and clinically may provide a greater vascular 
benefit than can be achieved by plasma cholesterol lowering 
alone. The ACAT inhibitor, CI-976 Fig. (1)(2). a fatty acid 
amide, was evaluated in a cholesterol-fed rabbit model of 
atherosclerosis at a dose that was bioavailable but did not lower 
plasma total cholesterol [39]. CI-976 (2) prevented the 
accumulation of monocyte-macrophages within a preestabiished 
fibrofoamy lesion, attenuated the development of thoracic aortic 
fatly streak-like lesions and decreased the cholesteryl ester 
enrichment of the developed lesions. We have also reported that 
two isoxazoles Fig. (1)(13, 14) which were bioavailable based 
on a bioassay designed to assess plasma ACAT inhibitory 
bioeqmvalents limited the development of thoracic aortic foamy 
lesions but were inactive in the more fibroproliferauve femoral 
lesions of the rabbit [1031. Others have also reported that in 
Watanabe heritable hyperlipidemic (WHHL) rabbits, a model of 
familial hypercholesterolemia lacking the LDL receptor, E5324 
[104] Fig. (1)(11) and FR145237 [102] Fig. (1)(12) can limit 
the development of atherosclerotic lesions in the thoracic and 
coronary arteries in the absence of plasma cholesterol lowering. 
Kogushi et al. [104] have also shown that E5324 (11) markedly 
reduced aortic ACAT activity; however, such a decrease may be 
related to the reduction in lesion and macrophage extent and not 
a representation of direct arterial wall ACAT inhibition. 
Considering the data with CI-976 (2), B5324 (11) and 
FRH5237 (12), one can conclude that ACAT inhibition has the 
potential to limit atherosclerosis progression by specifically 
affecting vascular monocyte-macrophage accumulation. 
However, it is also quite apparent from the various studies cited 
above mat the experimental protocols can be quite varied. 

The animal experimental protocols can be classified into 
several major categories. Firstly, compounds were administered 
either at the initiation of dietary cholesterol supplementation 
and the animals were nccropsied after 2 to 4 months of 
treatment. These studies are often termed progression studies tn 
that the effect of the compound on monocyte-macrophage 
accumulation or generation of Type 1 to Type in lesions is being 
studied. However, the hypocholesterolemic activity of the 
compounds limits the assessment of direct antiatherosclerotic 
activity. Secondly, compounds were given after a degree of 
hypercholesterolemia and atherosclerotic lesion development 
has been established. In most cases, animals were fed a 
cholesterol diet for 8 to 10 weeks and administered the various 
compounds either in the same cholesterol diet or a chow diet for 
an additional 6 to 8 weeks. Such studies can assess whether 
compounds can limit the further progression of a preestabiished 
lesion and/or promote lesion regression. The ability to study 
lesion regression is often lost because few studies randomize 
animals based on their plasma total cholesterol and necropsy a 
group prior to drug intervention in order to assess the type, 
extent and composition of the lesions. Under these regression 
paradigms the antiatherosclerotic activity of the compound is 
best assessed when compared to either a group of animals 
switched to a chow diet or administered a cholesterol absorption 
inhibitor such as cholestyramine Fig. (5)(24) in order to match 
the degree of cholesterol lowering. Despite the extended period 



of hypercholesterolemia such rabbit models are still 
representative of early fibrofoamy lesions (Type I-HD and not a 
reflection of the more advanced Type IV- V fibrous plaques. 
Thirdly, WHHL rabbits that appear refractory to plasma 
cholesterol lowering caused by ACAT inhibition can be used to 
assess a compound's antiatherosclerotic activity. The WHHL 
may be a very good model for the assessment of ACAT 
inhibitors in that plasma total and lipoprotein cholesterol 
levels remain relatively constant following treatment and more 
advanced atherosclerotic fibrous plaque lesions may develop in 
the long-term. Fourthly, as reported for Cl-976 (2), a 
combination of chronic endothelial injury and cholesterol 
feeding in either a progression or regression paradigm can allow 
one to not only assess the development and regression of 
atherosclerotic lesions but also determine whether the 
compounds have an effect on the cellular composition of a 
defined, well-characterized lesion with a greater than 99% 
incidence of occurrence. Finally, models of more advanced 
atherosclerosis can also be developed and used to assess whether 
ACAT inhibitors can limit the formation or promote the more 
rapid development of advanced fibrous plaques. Rabbits exposed 
to chronic endothelial injury within one week of study initiation 
and sequentially fed a cholesterol, fat diet for 9 weeks, a fat only 
diet for 6 weeks and various compounds for 8 additional weeks 
has allowed us to develop advanced fibrous plaques in the rabbit 
within 23 weeks and to further address the benefit of ACAT 
inhibitors. Therefore, numerous models have been developed 
specifically for testing the direct antiatherosclerotic activity of 
ACAT inhibitors; however, our conclusions ascribing the 
activity of the compound to direct inhibition of arterial ACAT if 
still based on circumstantial evidence. 

Numerous in vitro, biochemical and pharmacokinetic snmles 
have been performed in order to relate plasma drug levels with 
the compound's IC50 for macrophage ACAT inhibition. The 
basis for claiming that an ACAT inhibitor is directly 
antiatherosclerotic appears to be rooted in the concept that if 
plasma drug levels are maintained above the IC50 for inhibition 
of macrophage ACAT and plasma total and lipoprotein 
cholesterol levels are unchanged then the compound has direct 
antiatherosclerotic properties. One assumes that the compound 
at steady state will partition into the various atherosclerotic 
lesions and inhibit macrophage ACAT. Direct measurement of 
arterial wall ACAT and vessel drug levels have been performed 
[104). Given the observations that ACAT inhibitors limit 
arterial wall macrophage enrichment, i.e., a source of arterial 
ACAT, one must be cautious in interpreting a reduction in 
arterial wall ACAT activity as evidence for direct ACAT 
inhibition. A more plausible explanation is that there is a 
decrease in the amount of ACAT enzyme due to a reduction tn 
macrophage accumulation. Standardization of atherosclerotic 
lesion size and cellular composition prior to acute 
administration of the ACAT inhibitor and assessment of ACAT 
activity may provide more definitive proof of direct arterial wall 
ACAT inhibition. However, an absence of ACAT inhibition may 
be misleading in that during the microsome isolation procedures 
compounds may be. diluted out of the sample. Quantification of 
vessel drug levels is not only problematic and their accuracy caa 
be questioned for the same reasons as noted above for the 
measurement of ACAT activity but also drug extraction 
efficiency and. metabolism become an issue. Although still 
circumstantial another marker of arterial ACAT inhibition is the 
cholesteryl ester content of the vessel wall under comparable 
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levels of plasma total cholesterol exposure and atherosclerotic 
lesion/macrophagc extents. 

HMG-CoA Reductase Inhibitors 

3-hydroxy-3-methylglutaryl coenzyme A reductase (HMG- 
CoA reductase), in addition to being the rate limiting enzyme in 
the cholesterol biosynthetic pathway, is involved in the 
regulation of receptors for LDL-cholesterol [105-1. In 
experimental animals 1106], and patients with heterozygous 
familial hypercholesterolemia [107] inhibition of hepatic HMG- 
CoA reductase leads to an increased number of LDL receptors on 
the cell surface, which ultimately results in an enhanced 
clearance of plasma LDL and a reduction in plasma tota 
cholesterol levels. However, in nonfamilial 
hypercholesterolemic and familial combined hyperlipidemic 
patients, HMG-CoA reductase inhibitors lower plasma 
cholesterol by inhibiting lipoprotein production [108]. 
Reductions in plasma total cholesterol of over 30% and m LDL- 
cholesterol of 40% have been observed in clinical trials with 
various doses of atorvastatin [109] F.g. (2)(16). lovastatin 
[110] Fig. (2)(15), pravastatin [111] Fig. (2)<17). and 
simvastatin [112] Fig. (2)(18). In addition, the recent 
Scandinavian Simvastatin Survival Study (4S) [113] has shown 
that lowering plasma cholesterol by 35% with diet and 
simvastatin (18) significantly reduces the risk of mortality ^by 
30%. coronary heart disease mortality by 42%. and incidence of 
nonfatal myocardial infarction by 37%. The West of ScoUand 
Study (WOSCOPS) has demonstrated that lowering plasma LDL- 
cholesterol by 26% with diet and pravastatin (17) significantly 
reduced the risk of mortality from definite coronary events by 
31% [114] Thus, the data in man indicate that inhibitors of 
HMG-CoA reductase by reducing plasma cholesterol may limit 
the development of atherosclerosis and reduce the risk of 
mortality. 

Several animal studies have also shown that lovastatin (15) 
and pravastatin (17) can attenuate atherosclerotic lesion 
development when plasma total and LDL-cholestero are ^ reduced 
[115-118], and that atorvastatin (16) can limit lesion 
detelo mint independent of changes in V"™'™"™} 
[119]. Due to the potent hypolipidemic activity of HMG-CoA 
reductase inhibitors, the assessment of these compound I s direc 
antiatherosclerotic potential in V^c,\ r^cUof 
atherosclerosis is difficult. However, comparison of compounds 
with a similar plasma total cholesterol exposure may allow one 
ro less whether an agent has any inherent antiatherosclerotic 
properties. For instance, we reported that in a cholesterol-red 
2ft model of lesion progression, lovastatin (IS . pravas a -n 
(17) and atorvastatin (16) reduced plasma total cho esterol 
exposure over the course of the experiment by 37% to 43% 
1119]. Civen the linear relationship between plasma cholestero 
and atherosclerosis extent noted previously [120], one might 
expect that the degree and composition of the atherosclerotic 
lesions would be similar amongst the three treatment ; groups_ 
Despite equal plasma cholesterol levels, pravastatin (17) and 
lovastatin (15) had no effect on thoracic aortic lesion extent or 
iliac-femoral cross-sectional lesion area. In contra^ 
atorvastatin (16) reduced the thoracic aort.c lesion cxwnt from 
44% to 19% and iliac-femoral lesion area by 67%. Thus, we 
concluded that atorvastatin can directly limit athcroscleros.s 
lesion progression. 



Thomas AM. Bocait 

Evaluation of the vL as HMG-CoA reductase inhibitors in a 
rabbit model of atherosclerosis lesion progression highlights 
the power of the experimental design in formulating an 
interpretation of the data. Given the fact that plasma cholesterol 
levels were reduced, an analysis of a subset of compounds with 
the same cholesterol exposure allowed one to assess their 
relative antiatherosclerotic activity and also ascribe the activity 
to a direct effect on the lesion. Establishment of the effect of 
lipid-lowering on atherosclerosis development is an important 
factor when assessing compound efficacy. Addition of control 
treatments such as cholestyramine Fig. (S)(24), a non- 
absorbable resin, or diets containing graded cholesterol 
contents are methods for assessing the antiatherosclerotic 
activity of a compound at defined plasma cholesterol levels. 
Reductions in lesion size, extent or composition above, that 
predicted for a given plasma cholesterol level may indicate that 
the compound is directly altering a pro-atherogenic event. 

Comparison of biochemical, morphologic and 
morphometry results may allow one to establish the 
consistency of the effect and to identify potential mechanisms 
for the observed antiatherosclerotic activity. For instanceU19J. 
not only did atorvastatin Fig. (2)(16) decrease the extent of 
thoracic aortic atherosclerosis but also reduced the cholesteryl 
ester content of the thoracic aorta, a secondary marker that is 
reflective of the lesion extent and composition, i.e.. lipid, 
monocyte-macrophage enrichment. Examination of the 
histopathology of the atherosclerotic lesions and ^^mewc 
changes following treatment allowed one to discern potenttal 
mechanisms responsible for the observed I antiafcerosderoUc 
Xy. For example, pravastatin Fig. (2)(17) had no ctt ect on 
lesion or monocyte-macrophage area while atorvastatin Rg. 
(2)(16) reduced both parameters. One might conclude from these 
data that pravastatin (17) lacked sufficient plasma drug levels or 
did not penetrate the arterial wall and that atorvastatin (1«> by 
directly limiting lesion size through inhibition of smooth 
muscle cell migration and proliferation indirectly reduced 
macrophage accumulation. The later hypothesis « «m»kb| 
wift oose' ations made by others which _ indicate ^ H£K£ 
reductase inhibitors in tissue culture limit SMC proliferation 
[121-123] and migration [124] by Interfering with isoprenoid 
synthesis [125]. 

Therefore, by controlling for the degree of plasma 
cholesterol lowering and combining muWple efficacy 
parameters, one might not only be able to d**""" * ^direct 
antiatherosclerotic activity of a compound from that Aieto 
plasma cholesterol lowering but also by evaluating the stratum 
of the atherosclerotic lesions identify potential mechanisms 
which can be tested in vitro or in appropriate animal mooeis. 

Anti-Oxidanto and 15-Lipoxygenase Inhibitors 

Steinberg and colleagues [126] have reported that 
oxidative* modified LDL nnqr be important in the progres ion 
of atherosclerosis due to the observations that oxidized LDL is 
cytotoxic, chemotactic and chemostatic. Oxidative nKKHfication 
o? infant plasma lipoproteins is presumably an extracellular 
event [126] and the resulting oxidized lipoproteins have been 
implicated in the regulation of chemokines .[127] and pro- 
aTherogenic adhesion molecules [128]. Both apolipopro tein , B 
1129-132] the major protein in LDL. and lipid peroxides have 
been localized to aterosclerotic lesions [133]. Oxidative!, 
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modified LDL or such oxidation products as malondialdehyde- 
conjogated LDL or 4-hydroxynonenai-conjugated LDL have been 
localized to WHHL rabbits £134-136]. Thus, one can conclude 
that oxidation of lipoproteins may be important in the 
development of atherosclerosis and that general antioxidants 
may be antiatherosclerotic in both man and models of 
atherosclerosis. 

Several studies investigating the antiatherosclerotic activity 
of general antioxidants have been, performed in New Zealand 
white rabbits [137^140], WHHL rabbits [141.1421, pigs [143] 
and monkeys [76] under a variety of experimental conditions. In 
cholesterol-fed rabbits, butylated hydroxytoluene (BHT) Fig. 
(3)(22)„ vitamins E plus C, vitamins E plus A and probucol Fig. 
(3)(20) limited the development of thoracic aortic lesions [137- 
140, 144-146], Probucol (20) has been shown by numerous 
individuals to reduce the extent, cholesterol enrichment and 
cross-sectional lesion size of atherosclerotic lesions in WHHL 
rabbits [141,142], balloon-injured normocholesterolemic pigs 
(143 J and hypercholesterolemia monkeys [76]. Close 
examination of the lesion histopathology revealed that 
probucol (20) reduced the extent of atherosclerosis by 
decreasing the abundance of monocyte-macrophages within the 
lesion [146]. Mechanistic studies in rabbits fed cholesterol for a 
short time period, i.e., 5 wks, indicated that probucol (20) can 
limit the adhesion of monocytes to the endothelial cell surface. 
The single study in coronary artery balloon-injured pigs also 
indicated that probucol (20) can limit the development of 
primarily fibroproliferative lesions through presumably 
affecting SMC migration and proliferation [143]. Thus, one can 
conclude that antioxidants and specifically, probucol (20), can 
limit the development and cellular composition of 
atherosclerotic lesions in various animal models of 
atherosclerosis irrespective of whether the compound was 
administered to animals with or without pre-established lesions. 

In most of the studies noted above, plasma cholesterol 
lowering was minimal so attempts to identify surrogate markers 
of vascular efficacy of the various antioxidants were made. 
Resistance of lipoproteins to oxidation was a major surrogate 
marker used by most investigators [141,142], Measurements of 
vascular reactivity were also made [147,148]. In 
hypercholesterolemic rabbits, probucol (20) treatment 
preserved endothelial function and vascular rings upon exposure 
to acetylcholine in organ culture were shown to relax normally 
[147]. The improved vascular responsiveness is quite remarkable 
and one can conclude that antioxidants may improve vascular 
function; however, while in both studies plasma total 
cholesterol levels were relatively constant among the control 
and probucol-treated (20) groups, one study [148] reported that 
the cholesterol content of vessels from the dnig-treated group 
was reduced. Since atherosclerosis is comprised of multiple 
stages and drugs such as probucol (20) can alter the type as well 
as cellular and lipid composition of the atherosclerotic lesions, 
correlation of pathology with functional changes is important 
in the assessment of drug efficacy. Experimental protocols can 
be designed to assess the inherent activity of compounds to 
promote vasorelaxation. Given the observation that some 
agents lower plasma, or vascular cholesterol levels, 
administration of agents to normocholesterolemic animals or 
atherosclerotic animals where plasma cholesterol levels are 
normalized by diet may allow one to bsicss whether the 
compound has a direct effect on vascular relaxation either in the 
presence or absence of underlying disease. 
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Based on the\ oology data and the localization of epitopes 
of oxidize LDL within the arterial wall, one can suggest that 
general antioxidants may be useful antiatherosclerotic agents. 
However, specific inhibitors of the oxidation process may allow 
one to target a specific pro-atherogenic process and to better 
characterize the compound's activity in models of 
atherosclerosis. A new enzyme specific target, namely 
arachidonate 15-lipoxygenase (15-LO), has emerged [149]. 
Arachidonate 15-lipoxygenase is a lipid-peroxidizing enzyme 
that is also present in atherosclerotic lesions. Investigators 
have found the 15-LO gene [150], stereospecific products of the 
15-LO enzyme [151] and coincident localization of 15-LO 
mRNA, protein and epitopes of oxidized LDL within 
macrophage-rich areas of atherosclerotic lesions [149]. We have 
identified a specific inhibitor of 15-LO, namely, PD 1 46 176 Fig. 
(3)(19), and have evaluated the compound in several models of 
atherosclerosis [152,153]. 

Evaluation of PD146I76 (19) in the hypercholesterolemic 
rabbit under three specific experimental paradigms has allowed 
us to conclude that in the absence of lowering plasma total and 
lipoprotein cholesterol levels PD146176 (19) can attenuate the 
development of diet induced atherosclerotic lesions through 
specific inhibition of monocyte-macrophage accumulation. In 
addition, PD146176 (19) can limit the development and 
macrophage enrichment of pre-established atherosclerotic 
lesions. PD146176 (19) administered to rabbits coincident with 
a cholesterol diet reduced the gross extent of foamy lesions 
(Type Mil lesions) within and cholesterol enrichment of the 
thoracic and abdominal aorta [152]. PD 146 1 76 (19) 
administered to rabbits coincident with a cholesterol diet and 
induction of a chronic endothelial injury, not only reduced the 
progression of foamy thoracic lesions but also specifically 
limited the accumulation of monocyte-macrophages within a 
fibrofoamy iliac-femoral lesion without affecting the overall 
lesion size [153]. PD146176 (19) administered after 
establishment of fibrofoamy Type IV lesions through a 
combination of chronic endothelial injury and dietary 
cholesterol supplementation reduced the extent, cross-sectional 
area and monocyte-macrophage content of the more advanced 
Type V fibrous plaque [153]. In all three studies, assessment of 
plasma total and lipoprotein levels, vascular lipid content and 
histologic evidence for the presence of 15-LO in the lesions 
were necessary to corroborate the findings and maintain the 
implication that 15-LO was involved. Thus, these data highlight 
the antiatherosclerotic potential* of a specific 15-LO inhibitor. 

The brief summary of the antiatherosclerotic effects of 
PD 146 1 76 (19) can also be used to exemplify the power of the 
animal models of atherosclerosis. The simplest model, .a rabbit 
fed a 0.25% cholesterol, 3% peanut, 3% coconut oil diet 
illustrated that the compound can prevent the formation of 
choiesteryl ester enriched Type HI foamy atherosclerotic 
lesions. One might propose that evaluation of rabbits fed 
cholesterol for shorter periods of time would allow one to assess 
whether the observed antiatherosclerotic activity was due to 
reduced monocyte adherence. In the second rabbit model, 
induction of a fibrofoamy lesion by chronic endothelial injury 
allowed one to build upon the first observation and suggest that 
the compound specifically limited monocyte-macrophage 
accumulation because the absolute lesion cross*sectional area 
was unchanged. In the most complex model, one was able to 
assess whether PD146176 (19) could limit the progression of 
the disease to a fibrous plaque or promote regression of a 
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preestaMished fibrofoamy lesion. In addition, one can obtain 
such mechanistic information as to the involvement of 15-LO in 
advanced atherosclerosis and whether further monocyte- 
macrophage enrichment can be blunted. 

Conclusions 

Atherosclerotic lesion development can be divided into six 
histologically distinct stages and five dynamic phases. 
Specifically, atherosclerotic lesion progression in man 
involves episodes of SMC proliferation, extracellular matrix 
deposition and remodeling, lipid infiltration, endothelial cell- 
monocyte interactions, monocyte migration into the intima 
monocyte-macrophage foam cell formation, necrotic lip.d-nch 
core formation, calcium deposition, neovascularization, mural 
microtbrombi and occlusive acute thrombosis. Given the 
complexity of atherosclerotic lesion development in man. the 
challenge exists to develop animal models that closely mimic 
the human disease. One must accept, however, that there is no 
one perfect animal model that completely replicates the stages 
of human atherosclerosis but that the models are useful in 
studying specific pathologic processes associated with the 
disease. Hypercholesterolemic rabbits either with or without 
endothelial injury are valuable models and the mostwideiy used 
model for the evaluation of pharmacologic agents. Five types of 
human-like atherosclerotic lesions can be induced in the rabbit; 
however, the model is limited in that evidence of the plaque 
rupture cannot be found. Hypercholesterolemic hamsters are a 
model of an early prc-atherogehic event, namely, subendothelia 
monocyte-macrophage foam cell formation. Swine are a useful 
model for the evaluation of atherosclerosis from the perspective 
that lesions develop spontaneously, their circulatory system and 
localization of lesions are similar to man and the lesions are 
responsive to dietary Intervention by exhibiting regression 
after prolonged periods. Non-human primates have often been 
portrayed as ideal models of human atherosclerosis due to their 
close phylogenetic association to man;, however, lesions j>f 
cobble character to man can be induced more efficiently .and 
over shorter time periods in swipe and in some cases rabb u 
through a combination of hypercholesterolemia and cndoAcHd 
injury. Numerous transgenic moose models have been developed 
in recent years. A common finding among the various mouse 
models of atherosclerosis is that a similar atherosclerouc lesion 
oathology develops and all require some degree of 
hypercholesterolemia. Therefore, temporal evaluations of toon 
development in the presence and absence of pharmaco ogic 
agents may be more informative in assessing whether the 
specific gene product/defect exacerbates disease progression and 
whether pathologic redundancies limit the e ficacy of he 
specific pharmacologic entity. Based on evaluation of the 
various animal models and pharmacologic agents, one can 
conclude that: (I) each animal model provides insight into 
specific aspects of the disease Pr°«ss; W ■ 
hypercholesterolemic state is required in all mode Is for the 
development of atherosclerosis; (3) discrimination or the direct 
antiaiherosclerotic activity of a compound from it s indirect 
' activity requires one to limit the number of confound.ng factors 
e.g.. hypocholesterolemic and antihypertensive effect; (4) 
combination of biochemical, morphologic and ™rphometnc 
measures allows one to both validate the antiaiherosclerotic 
effect and define potential mechanisms; (5) reducing monocyte- 
macrophage involvement irrespective of mechanism or an.mal 
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model effectively HmiL -ne development of atherosclerotic 
lesions. 

Abbreviations 

ACAT = Acyl-coenzyme Axholesterol O-acyltransferase 

HMG-CoA 

reductase = 3-Hydxroxy-3-roethylglutaryl coenzyme A 

15-LO = 15-Lipoxygenase 

SMC = Smooth muscle cells 

VCAM-1 = Vascular cell adhesion molecule- 1 

VLDL = Very low density lipoproteins 

LDL = Low density lipoproteins 

WHHL = Watanabe heritable hyperlipidemic rabbit 

ACE = Angiotensin converting enzyme 

MABP = Mean arterial blood pressure 

ApoE = Apolipoprotein E 

CBTP = Cholesteryl ester transfer protein 
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Abstract 

We employed homologous recombination in embryonic stem 
cells to produce mice lacking functional LDL receptor genes. 
Homozygous male and female mice lacking LDL receptors 
(LDLR~ f ~ mice) were viable and fertile* Total plasma choles- 
terol levels were twofold higher than those of wild-type litter- 
mates, owing to a seven- to ninefold increase in intermediate 
density lipoproteins (IDL) and LDL without a significant 
change in HDL. Plasma triglyceride levels were normal The 
half-lives for intravenously administered l25 I-VLDL and ,25 I- 
LDL were prolonged by 30-fold and 2.5-fold, respectively, but 
the clearance of ,25 I-HDL was normal in the LDLR~ f ~ mice. 
Unlike wild-type mice, LDLR~ ( ~ mice responded to moderate 
amounts of dietary cholesterol (0.2% cholesterol/ 10% coconut 
oil ) with a major increase in the cholesterol content of IDL and 
LDL particles. The elevated IDL/LDL level ofLDLR" , ~ mice 
was reduced to normal 4 d after the intravenous injection of a 
recombinant replication-defective adenovirus encoding the hu- 
man LDL receptor driven by the cytomegalovirus promoter. 
The virus restored expression of LDL receptor protein in the 
liver and increased the clearance of ,25 I-VLDL. We conclude 
that the LDL receptor is responsible in part for the low levels of 
VLDL, IDL, and LDL in wild-type mice and that adenovirus- 
encoded LDL receptors can acutely reverse the hypercholester- 
olemia effects of LDL receptor deficiency. (/. Clin. Invest. 
1993. 92:883-893.) Key words: homologous recombination • 
lipoprotein metabolism • very low density lipoprotein • gene 
therapy • liver receptors 



Introduction 

The LDL receptor removes cholesterol-rich intermediate den- 
sity lipoproteins (IDL) 1 and LDL from plasma and thereby 
regulates the plasma cholesterol level ( 1 ). The lipoproteins that 
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1 . Abbreviations used in this paper: AdCMV-Luc, recombinant adeno- 
virus containing lucifcrase cDNA; AdCMV-LDLR, recombinant ade- 
novirus containing human LDL receptor cDNA; CM V t cytomegalovi- 
rus; ES, embryonic stem cells; FH, familial hypercholesterolemia; 
FPLC, fast performance liquid chromatography; IDL, intermediate 
density lipoproteins; LRP, LDL receptor-related protein /a r raacro- 
globulin receptor; LDLR~ f ~ and LDLR+'~ t mice homozygous and 
heterozygous, respectively, for LDL receptor gene disruption; pro, 
plaque-forming units; WHHL, Watanabe-heritabte hyperlipidemic 
rabbits. 
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bind to the LDL receptor are derived from triglyceride-rich 
VLDL, which are secreted by the liver. In the circulation some 
of the triglycerides of VLDL are removed by lipoprotein lipase, 
and the resultant IDL particle is cleared rapidly into the liver, 
owing to its content of apolipoprotein E (apo E), a high affinity 
ligand for the LDL receptor. Some IDL particles escape hepatic 
uptake and are converted to LDL in a reaction that leads to the 
loss of apo E. The sole remaining protein, apo B- 100, binds to 
LDL receptors with relatively low affinity, thus causing LDL 
particles to circulate for relatively prolonged periods (2). 

TriglycerideKlepleted, cholesterol-rich remnants of intes- 
tinal chylomicrons are taken into the liver by the LDL receptor 
and by a genetically distinct molecule designated the chylomi- 
cron remnant receptor (3, 4). The latter receptor recognizes 
apo E when it is present on chylomicron remnant particles 
together with apo B-48, a truncated version of apo B- 1 00 that is 
produced in the intestine ( 3 ) . Circumstantial evidence suggests 
that the chylomicron remnant receptor is the same as the LDL 
receptor-related protein / a r macroglobulin receptor (LRP) 
(4). The action of this receptor may be facilitated by the prelim- 
inary binding of the chylomicron remnants to cell-associated 
glycosaminoglycans in hepatic sinusoids (5). 

Genetic defects in the LDL receptor produce hypercholes- 
terolemia in humans with familial hypercholesterolemia (FH) 
(6), Watanabe-heritable hyperlipidemic (WHHL) rabbits (7), 
and rhesus monkeys (8). Humans and rabbits with two defec- 
tive LDL receptor genes (FH and WHHL homozygotes) have 
massively elevated levels of IDL and LDL, and they develop 
fulminant atherosclerosis at an early age. Tracer studies with 
l25 Mabeled lipoproteins revealed a retarded clearance of IDL 
and LDL, and an increased conversion of IDL to LDL in hu- 
mans (9) and rabbits ( 10) with LDL receptor deficiency. 

Evidence from one human pedigree ( 1 1 ) and from monozy- 
gotic/dizygotic twin pair correlations ( 12) indicates that other 
genes can influence the degree of hypercholesterolemia in sub- 
jects with LDL receptor deficiency. These genes are likely to 
influence cholesterol levels even in people with normal LDL 
receptors. Identification of these genes has not been possible in 
human linkage studies, nor in breeding experiments with 
WHHL rabbits. Linkage studies would be facilitated by the 
availability of an inbred mouse strain with LDL receptor defi- 
ciency. The consequences of LDL receptor deficiency in mice 
are difficult to predict because mice, like rats, have a funda- 
mental difference in LDL metabolism when compared with 
other species that have been studied ( 1 3). In mice and rats a 
substantial fraction of the VLDL secreted from liver contains 
apo B-48 instead of apo B-I00 (14-16). Remnants derived 
from the apo B-48 containing particles are cleared into the liver 
and are not converted to LDL (17). Some of this clearance 
may be mediated by the chylomicron remnant receptor. For 
this reason, LDL receptor deficiency in mice would not be 
predicted to raise the plasma LDL level as profoundly as it does 
in WHHL rabbits. 
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Mice deficient in LDL receptors might also aid in the devel- 
opment of gene therapy techniques designed to enhance the 
expression of hepatic LDL receptors. Using homozygous 
WHHL rabbits as a model, Chowdhury et al. (18) infected 
autologous hepatocytes ex vivo with a recombinant retrovirus 
carrying an expressible cDNA copy of the rabbit LDL receptor 
under control of the chicken 0-actin promoter. After infusion 
of these transduced hepatocytes into the spleen, LDL receptor 
expression was visualized in 2-4% of liver cells. Although func- 
tional studies of l25 I-LDL turnover were not performed, these 
workers observed a fall of - 30% in the level of total plasma 
cholesterol, which did not occur in animals injected with hepa- 
tocytes transduced with a control retrovirus encoding an irrele- 
vant protein. With this technique the expression of LDL recep- . 
tors persisted for 2-4 mo. Although the 30% reduction in 
plasma cholesterol was statistically significant, the level re- 
mained quite elevated (above 500 mg/dl) when compared 
with normal rabbits, (< 100 mg/dl), presumably owing to the 
expression of LDL receptors in only a small percentage of he- 
patocytes. Similar results were obtained in transient experi- 
ments following the intravenous injection of a plasmid con- 
taining the LDL receptor cDNA complexed to an asialo-oroso- 
mucoid/poly-i^lysine conjugate ( 19). 

In mice, gene manipulation has produced significant effects 
on LDL receptor expression. Several years ago Hofmann et al. 
(20) and Yokode et al. (21) produced transgenic mice that 
overexpressed hepatic LDL receptors encoded by the human 
LDL receptor gene driven by the metallothionein or transferrin 
promoter. They showed that these receptors enhanced the clear- 
ance of radiolabeled LDL from plasma of normal mice. Yo- 
kode et al (22) then demonstrated that these mice were resis- 
tant to the cholesterol-elevating effects of a high cholesterol 
diet 

Recently, Herz and Gerard (23) developed a recombinant 
replication-defective adenovirus vector containing an express- 
ible cDNA copy of the human LDL receptor driven by the 
cytomegalovirus (CMV) promoter. 4 d after its intravenous 
injection, this virus elicited the expression of high levels of hu- 
man LDL receptors in more than 90% of mouse hepatocytes, 
and this enhanced markedly the uptake of l25 I-LDL by the 
liver. The use of adenovirus vectors was based on the observa- 
tions ofStratfoid-Perricaudet et al. (24), who injected recombi- 
nant adenoviruses encoding ornithine transcarbamylase into 
neonatal mice homozygous for a defect in this gene. The recom- 
binant adenovirus produced a level of enzyme activity in liver 
sufficient to eliminate the pathologic manifestations of the di* 
ease, and expression apparently persisted for 1 yr. 

The current studies were conducted in order to learn the 
consequences of LDL receptor deficiency in mice and to learn 
whether adenovirus vectors will acutely reverse these conse- 
quences. For these purposes, we have used the techniques of 
homologous recombination in cultured embryonic stem (ES) 
cells (25-27) to produce mice that lack functional LDL recep- 
tors We show that these mice develop a marked elevation in 
plasma IDL and LDL levels when compared with control mice 
and that this elevation can be eliminated acutely by the intrave- 
nous administration of a recombinant adenovirus encoding the 
human LDL receptor. 

Methods 

General methods. Unless otherwise indicated, DNA mampulatiow 
were performed by standard techniques (28). Immunoblot (29) and 



ligand blot analyses (30) were performed as described in the indicated 
references. Cholesterol and triglycerides were determined enzymati- 
cally with assay kits obtained from Boehringer Mannheim (Biochemi- 
cals, Indianapolis, IN) and Sigma Chemical Co. (St Louis, MO), re- 
spectively. The normal mouse diet (Teklad 4% Mouse/Rat Diet 7001 
from Harlan Teklad Premier Laboratory Diets, Madison, WI) con- 
tained 4% (wt/wt) animal fat with <0.04% (wt/wt) cholesterol 
Mouse VLDL (d < 1.006 g/ml), LDL(</ 1 .025-1.50 g/ml), and HDL 
(d I.063-I.2I5 g/ml) were isolated by sequential ultracentrimgation 
(31 ) from pooled plasma obtained from LDLR~ l ~ mice that had been 
fasted overnight. Rabbit VLDL {d< 1.006 g/ml) was isolated by the 
same procedure from plasma obtained from fasted WHHL rabbits. 
Lipoproteins were radiolabeled with m l by the iodine monochloride 
method (31). A 0.2% cholesterol/ 10% coconut oil diet was prepared 
by supplementing the normal mouse diet with 0.2% (wt/wt) choles- 
terol dissolved in a final concentration of 10% (vol/wt) coconut oil. 

Cloning of mouse LDL receptor cDNA. Mouse LDL receptor cDN A 
was amplified by PCR from mouse liver first strand cDNA using 
poly(A) + RNA and the following primers: 

Primer A, 5 '-ATTCTAG AGGGTG AACTGGTGTG AG-3 ' (exon 
14); 

Primer B, 5'-ATAATTCACTGACCATCTGTCTCGAGGGGTAG- 
3' (exon 18); 

Primer C, 5'-AAATG(T/C)ATC(T/G)(T/C)C(T/A)GCAAG- 

TGGGTCTG(C/T)GA(T/C)GGCAG-3' (exon 2); 

Primer D y^<ttOZXC\Tl(XCXClG<^G<XA-y (exon 16). 

Amplification with primers A and B yielded a cDNA fragment corre- 
sponding to exons 14-18. cDNA spanning exons 2-16 was amplified 
with primers C and D. Primers A»B,andC were designed and based on 
the conservation of the LDL receptor coding sequence between hu- 
man, rabbit, hamster, rat, and cow (32, 33). Primer D was designed 
and based on the mouse exon 16 cDNA sequence contained in the 
amplification product obtained with primers A and B. Amplification 
products were blunt-end cloned into pGEM32?(+) (Promega Corp., 
Madison, WI) and sequenced. 

Construction of gene replacement vector. Southern blot analysis or 
mouse C57B1 /6 genomic DNA with an exon 2-16 cDNA probe re- 
vealed a I6-kb BamHI fragment This fragment was enriched by su- 
crose density ultracentrifugation and cloned into the XDash II vector 
(Stratagene Corp., La Jolla, CA), and recombinant phages containing 
the fragment were isolated by plaque screening. After subcloning into 
pGEM3Zf(+), the Fol2sneobpA expression cassette (34) was inserted 
into a unique Sail site in exon 4 (Fig. I). This nep expression cassette 
was flanked by 12 kb of LDL receptor genomic sequences including 
exons I to 4. The short arm of the targeting vector contained a L2-kb 
SalhSacl fragment with sequences of exon 4 and intron 4. The Sail 
sites were destroyed during the cloning. Two copies of the herpes sim- 
plex thymidine kinase gene (35) were inserted in tandem at the 3' end 
of the short arm of the targeting vector (Fig. 1 ). 

ES cell culture. Mouse ES cells ( AB-1, kindly provided by A. Brad- 
ley, Baylor College of Medicine, Houston) were cultured on leukemia 
inhibitory factor-producingSTO feeder celbasdescribed( 36). Approx- 
imately 2 x 10 7 cells were elcctroporated with linearized targeting vec- 
tor (25 fig/ml, 275 V, 330 mF) in an electroporator (GIBCO Bethesda 
Research Laboratories) and seeded onto irradiated feeder layers 
( 10,000 rad). After selection with 1 90 Mg/ml G4 1 8 and 0.25 mM }- [2- 
deoxy, 2-fluoro-/3-r>arabinofuranosyl].5 iodouracil (F1AU; Bristol- 
Myers Co M New York, NY) recombinant clones were identified by 
PCR as described (34) using Primers E and F (Primer E, located in 
3'-untranslated region of neo cassette, 5'-GATTGGGAAGACAAT- 
AGCAGGCATGC-3'; Primer F, located in intron 4, 5'-GGCAAG- 
ATGGCTCAGCAAGCAAAGGC-3 ' ) . Homologous recombination 
was verified by Southern blot analysis after BamHI digestion and prob- 
ing with a genomic DNA fragment located 3' of the targeting construct 
(Fig. I). Nine independent stem cell clones containing a disrupted 
LDL receptor allele were injected into C57B1/6 blastocysts (27), 
yielding a total of 17 chimeric males whose coat color (agouti) indi- 
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cated a contribution of stem cells ranging from 30 to 100%. Of the 17 
chimeric males, 15 were fertile, and 13 gave offspring that carried the 
disrupted LDL receptor allele. Five of these males exclusively transmit- 
ted the stem cell-derived genome through the germline. All experi- 
ments were performed with the F2 or F3 generation descendants, 
which were hybrids between the C57BI /6J and 129Sv strains. 

Plasma lipoprotein analysis. Blood was sampled from the retro-or- 
bital pious into tubes containing EDTA (Microvette CB 1000 capil- 
lary tubes; Sarstedt, Inc., Newton, NC). Pooled mouse plasma (0.6 ml 
from 3 to 5 mice) was ultracentrifuged at d =* 1.215 g/ml, and the 
resulting lipoprotein fraction {d < 1.215 g/ml) was subjected to fast 
performance liquid chromatography (FPLC) gel filtration on a Super- 
ose 6 (Sigma Chemical Co.) column as previously described (22). For 
apoprotein analysis, peak fractions were pooled, precipitated with tri- 
chloroacetic acid, washed with acetone, and subjected to electrophore- 
sis on 3-15% SDS potyacrytamide gels as described (22). Gels were 
calibrated wrtb Rainbow high molecular weight markers ( Amersham 
Corp., Arlington Heights, IL) and stained with Coomassie blue. 

Preparation of recombinant adenoviruses. Recombinant replica- 
uon-denaent adenoviruses containing the firefly luciferase cDNA 
(AdCMV-Luc) and the human LDL receptor cDNA (AdCMV- 
LDLR) driven by the cytomegalovirus promoter/enhancer were pre- 
pared as previously described ( 23 ). Briefly, virus particles for injection 
into animals were grown on human embryonic kidney 293 cells and 
purified by cesium chloride density gradient centrifugation. Particles 
were further purified by gel filtration on a Sepbarose CL-4B (Pharma- 
cia LKB Biotechnology, Piscataway, NJ) column equilibrated with 10 
mMTris-HCI, 137 mM Nad, 5mMKO,imM MgCI, at pH 7.4. BSA 
was added at a final concentration of 1 mg/ml, after which each virus 
preparation was stored in multiple aliquots at -70*C Viruses were 
titered on 293 cells; the titer ranged between 10 10 and 10" plaque- 
forming units (pfu) per ml 

For administration to mice, each recombinant adenovirus was in- 
jected as a single dose (2 X 10* pfu in 200 /d) into the external jugular 
vein of a nonfasted animal that had been anesthetized with sodium 
pentobarbital as previously described (23). 

Immmohistochemistry. Mice were killed 4 d after injection of re- 
combinant virus, the liver was removed, and a sector extending from 
the surface of the liver to the portal area was immediately frozen (with- 
out fixation) in OCT Compound 4583 (Miles Laboratories, Inc., Elk- 
hart, IN) at- I96°C and stored at -70°C until cutting. For immuno- 
histocbemistry, sections of 6 jan were cut on a Leitz Cryostat (E. Lcitz, 
Inc., Roddeigh, NJ) at -20'C and mounted onto porylysine-coated 
slides. Before iramunostaining, tissue sections were fixedin 100%(vol/ 
vol) methanol at -20°C for 30 s followed by two washes in PBS. All 
incubations were performed at 20°C. Samples were blocked by incuba- 
tion for 20min with 50 mM Tris-HO, 80 mM Nad, 2 mM CaClj at 
pH 8 containing 10% (vol/vol) fetal calf serum. Sections were then 
incubated for 1 h with 20 /xg/ml of polyclonal rabbit IgG directed 
against the bovine LDL receptor ( 37 ) followed by three 5-min washes 
with PBS. Bound primary antibody was detected by incubation for 45 
min with the indicated concentrations of FITC-labeled goat anti-rab- 
bit IgG (GIBCO Bethesda Research Laboratories, Gaithersburg, MD). 
Slides were washed again three times in PBS, rinsed once briefly in 
water, and mounted under a coverslip with DABCO (90% vol/vol 
glycerol, 50 mM Tris-HCI at pH 9, 25% (wt/vol) l,4-<ttazadicyclo- 
12.21 l-octane). 

Results 

To disrupt the LDL receptor gene in murine ES cells, we con- 
structed a gene targeting vector of the replacement type ( 35 ) as 
described in Methods. The targeting vector and the expected 
genomic structure of the disrupted locus are shown in Fig. I. 
The neo cassette was inserted into exon 4 of the LDL receptor 
gent. The disrupted locus is predicted to encode a nonfunc- 
tional protein that is truncated within the ligand binding dc- 
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Figure L Strategy for targeted disruption of the LDL receptor locus in 
the mouse genome. A targeting vector of the replacement type was 
constructed as described in Methods. The neo gene is driven by the 
murine RNA polymerase II promoter and followed by the 3'-un- 
translated region of the bovine growth hormone gene containing the 
polyadenylation signal (34). The transcriptional direction of the neo 
gene is parallel to that of the LDL receptor. Two copies of the herpes 
simplex virus thymidine kinase gene(HSV-TK) (reference 35) flank 
the 3' homology segment In the event of homologous recombination, 
the disrupted allele will have acquired additional sites for the restric- 
tion endonucleases BamHI {B) and Xbal (JT ). The expected BamHI 
digestion pattern resulti ng from a targeting event is shown at the bot- 
tom The DNA probe used for Southern blotting (denoted by the as- 
terisk and the heavy bracket) is a 1.7-kb BglU- BamHI genomic frag- 
ment containing exon 6 and flanking intron sequences. The positions 
of the two oligonucleotides used for PCR diagnosis of homologous 
recombination are indicated by the arrows (oligo 1: 3' end of neo 
cassette; oligo 2: downstream of Sad site in intron 4), B, BamHI; H t 
Hind 111, X t Xbal; S, Sad, 



main of the receptor. This receptor fragment should not bind 
LDL, and it should not remain associated with the cell mem- 
brane since it lacks the membrane spanning segment 

ES cells were electroporated with the linearized targeting 
vector and subjected to positive and negative selection using 
standard procedures (36). Homologous recombination events 
were detected by PCR and verified by digestion of gen omic ES 
cell DNA with BamHI The presence of a diagnostic 5.5-kb 
BamHI fragment in addition to the wild-type 16-kb fragment is 
indicative of gene targeting when the Southern blot is probed 
with a genomic DNA fragment located outside of the targeting 
vector (indicated by the asterisk in Fig. I ). The frequency of 
homologous recombination was very high. Approximately 
50% of clones that were resistant to both G4 1 8 and FI AU exhib- 
ited homologous recombination. 

Recombinant stem cell clones injected into C57B1 /6 blas- 
tocysts (27) gave rise to chimeric animals with a stem cell-de- 
rived coat color contribution that ranged from 30 to 100%. 
Several male chimeras derived from independently targeted 
stem cell clones efficiently transmitted the stem cell-derived 
genome through the germ line. Offspring heterozygous for the 
disrupted LDL receptor allele were diagnosed by Southern 
blotting. When heterozygous animals were mated to each 
other, their offspring included animals that were wild-type ( +/ 
+) t heterozygous (+/-), and homozygous (-/-) for the 
disrupted LDL receptor allele. Fig. 2 shows a representative 
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Figure 2. Genotypes of offspring from matings of LDLR+'~ mice. 
Male and female mice heterozygous for the disrupted LDL receptor 
allele (+/-) were mated, and tail DNA from the oftspring was ana- 
lyzed by Southern blotting using a genomic PNA fragment located 
outside of the taigeting construct (denoted by the asterisk in Fig. I ). 
The genotypes of one litter containing mice that are wild-type (+/+)» 
heterozygous(+/-), or homozygous (-/-) for the disrupted LDL 
receptor allele arc shown. The wild-type allele is represented by a band 
at 16 kb, while the disrupted allele creates a band at 5.5 kb when 
genomic DNA is digested with BamHl (see Fig. I ). 



genomic Southern blot that reveals the diagnostic bands for the 
wild-type and disrupted LDL receptor gene. Of 177 offspring 
from 28 heterozygous matings, the three genotypes were pro- 
duced in the ratio of 47:93:37 (Table I), which is consistent 
with the expected Mendelian ratio of 1:2:1- Homozygous male 
and female animals were fertile and produced normal-sized 
litters when mated to each other. 

To confirm the inability of the disrupted gene to produce 
full-length LDL receptors, we prepared liver membranes from 
wild-type, heterozygous, and homozygous animals. Proteins 
were solubitized with detergent, and 50 p% of each sample were 
analyzed by SDS gel electrophoresis and immunoblotting with 
a polyclonal antibody that detects the mouse LDL receptor. As 
shown in Fig. 3 A, normal LDL receptor protein was readily 
detected by the antibody in wild-type ( + / +, lanes / and 4) and 
in heterozygous animals (+/- lane 2), but was undetectable 
in animals that were homozygous for the LDL receptor defect 
(-/-, lane J). An abnormal band (marked by an asterisk) was 
present in liver membranes prepared from heterozygous (lane 

Table L Plasma Cholesterol Concentrations in Offspring 



Sex 


Total Plasma Cholesterol Level (mg/dJ) 




+/+ 


+/- 


-/- 


Male 


II9±4 


158±4 


228±9 




(n = 19) 


(n = 39) 


(n « 16) 


Female 


100±4* 


138±4* 


239±8 




(* = 28) 


(n = 54) 


(n = 21) 



Total plasma cholesterol concentrations were measured from the in- 
dicated number {n) of male and female mice (nonfasting) that were 
wild-type (+/+), heterozygous (+/-), or homozygous (-/-) for a 
disrupted LDL receptor allele. The 177 mice arose from 28 litters 
bora to crosses between heterozygous males and females. Genotype 
was determined by Southern blot analysis. Nonfasting blood samples 
were obtained between 46 and 56 d of age (mean age, 52 d). 
* Sex difference, P = 0.01 (unpaired t test). 
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Figure 5. Immunoblot analysis of LDL receptors in liver membranes 
from mice carrying the disrupted LDL receptor allele. Liver mem- 
branes from mice that were wild-type (+/+, lanes / and 4), hetero- 
zygous (-f lane 2), or homozygous (-/-, lane 3) for the disrupted 
LDL receptor allele were solubilized with Triton X-100 as previously 
described (5 1 ). An aliquot of each sample (50 Mg protein) was sub- 
jected to 6.5% SDS-PAGE under nonreducing conditions, and the 
proteins were transferred to nitrocellulose filters for immunoblot 
analysis {A) and ligand Wot analysis (B). The filter in A was incu- 
bated with 5 jig/ml rabbit anti-LDL receptor IgG ( 37), and bound 
IgG was detected by an immunoperoxidase procedure using the ECL 
kit ( Amersham). The positions of migration of the mature LDL re- 
ceptor (LDLR) and its precursor are indicated. The immunoreacUve 
protein marked by the asterisk ( • ) represents the truncated form of 
the LDL receptor caused by insertion of the neo cassette into exon 4. 
The filter in B was incubated with 1 jig/ ml ^-labeled recombinant 
39-kD fusion protein ( 10* cpm/rol), which binds to LRP (30). After 
incubation and washing, the filters in A and B were exposed to Kodak 
XAR-5 film for I min and 6 b, respectively. Gels were calibrated 
with high molecular weight markers. 



2) and homozygous (lane 5) animals, but was absent in wild- 
type liver membranes (lanes / and 4). This latter protein pre- 
sumably represents the truncated product made from the 
disrupted allele. Fig. 3 B shows that expression of the LRP/ 
a 2 M receptor was not affected by the disruption of the LDL 
receptor as shown by ligand blotting of an equivalent filter 
probed with an l25 I-labeled 39-kD fusion protein that binds to 
this receptor (30). t 

Mice heterozygous or homozygous for the disrupted LDL 
receptor allele have elevated plasma cholesterol levels when 
compared with their wild-type litter mates. Table I shows total 
plasma cholesterol levels of mice from 28 litters derived from 
the mating of heterozygous animals and fed a normal chow 
diet. The mean age of the animals at the time of measurement 
was 52 d. Total (nonfasting) plasma cholesterol values are 
~ 35% elevated in heterozygotes and about two times higher in 
LDLR' 1 - mice when compared to wild-type litter mates. In 
animals of wild-type or heterozygous genotype, females had a 
lower total plasma cholesterol level than males. This difference 
was absent in the LDLR' 1 ' mice. There was no significant 
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difference in plasma triglyceride concentration among annuals 

ofthetIin*Benotypes(8-10anra^ 

nonfasting values on a normal chow diet ranged from 1 19 to 

133 mg/dl (data not shown). 

Tofcarn which lipoprotein fraction was affected by the loss 
of functional LDL receptors in the mouse, we used FPLCto 
determine the lipoprotein cholesterol profiles of male and re- 
male mice of the three different genotypes fed a normal chow 
diet (Kg. 4 A-O. Plasma of wild-type mice contained very 
little cholesterol in the IDL/ LDL fraction. A small but definite 
increase in this fraction was observed in heterozygous mice of 
either sex. Animals homozygous for the LDL receptor defect 
showeda marked increase almost exclusively in the IDL/LUL 
fraction with a small increase in VLDL. For all genotypes, the 
HDL-cholesterol level was slightly higher in male mice as com- 
pared with female mice, but there was no dramatic effect of 
LDL receptor gene disruption. 

To estimate the relative elevation of IDL/LDL from the 
data ofRg. 4 A-C. we added up the total cholesterol content of 
each column fraction within the IDL/LDL peak and then ex- 
pressed the date relative to the levels observed in wild-type 
mice of the same sex. These data revealed that the IDL/ LDL 
cholesterol was elevated about twofold in LDLR mice or 
either sex and 7.4- to 9-fold in male and female LDLR 
mice, respectively. The HDL-cholesterol was elevated only 
modestly ( ~ 1.3-fold) in the LDLR' 1 ' mice. 



Fig. 4 D-F shows comparisons of the lipoprotein choles- 
terol profiles of male mice of the different genotypes fed either 
a normal chow diet with or without 0.2% cholesterol/ 10% co- 
conut oil. Wild-type mice showed only a small difference in 
lipoprotein profile in response to the cholesterol-enriched diet. 
Heterozygous mice responded with a small, but distinct eleva- 
tion in IDL/LDLcholesterol. In the LDLR- 1 ' mice the choles- 
terol content of the IDL/LDL fraction rose about threefold. 
The mean total plasma cholesterol levels for the three geno- 
types before (fasted) and after (nonfasted) cholesterol feeding 
were as follows: +/+, 146 and 149 mg/dl; +/-, 188 and 196 
mg/dl; and -/-, 293 and 425 mg/dl, respectively. 

The apoproteins of the various fractions in Rg. 4 D-F were 
analyzed by SDSpolyacrylamide gel electrophoresis and Coo- 
massie blue staining (Fig. 5). On the normal chow diet, the 
heterozygous mice showed a distinct elevation in apo B-1W 
and apo E in the IDL/LDL fraction. The IDL/LDL fraction 
from LDLR''- mice had a much more marked increase ot 
these two apoproteins as well as of apo B-48. The 0.2% choles- 
terol/10% coconut ofl diet elicited a pronounced increase in 
apo B-100, apo B-48. and apo E in the IDL/LDL fraction oj 
the LDLR-'' mice. A small increase in the apo E of VLDL and 
HDL was also apparent in the cholesterol-fed mice (homozy- 
gotes > heterozygotes > wild-type). 

To evaluate the functional effect of the LDL receptor den* 
ciency, we compared the ability of LDLR-'- mice and wild- 
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Figure 4 FPLC profiles or mouse plasma lipoprotein, from wild-type (+/+) and mutant mice carrying the 

teZwL (+/-) and homozygous (-/-) forms. Mice with the indicated genotype (n - 10 for each sex »n ,4-Cand n = 5 males in D-F) 
^^2Ez£L HiM i„Tror the indicated diet in D-F for 7 wk. The pooled plasma from each group collected from 12-h fasted animals 
^a^ 

as described in Methods. Tne mice were 8-9 wk of age in A-C and 16-17 wk in D-F. 
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Figure 5. SDS-gcl electro- 
phoresis of lipoprotein frac- 
tions from wild-type and 
mutant mice fed different 
diets. Male mice (n = 5 per 
group) that were wild-type 
(+/+), heterozygous, <+/-) 
or homozygous (-/-) for 
the disrupted LDL receptor 
allele were fed either a nor- 
mal diet (A) or a diet con- 
taining 0.2% cholesterol and 
10% coconut oil{£) as de- 
scribed in the legend to Fig. 
4. The apoproteins from the 
VLDL, IDL/LDL, and HDL 
containing fractions in Fig. 

4 (equivalent to 70 * of plasma) were subjected to electrophoresis on 3-1 5% SDS gradient geUProteins were stained with Coomassie blue. The 
portions of migration of apo B-I0O, apo IMS, albumin (Alb.), apo E, and apo AI are indicated. 
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type mice to clear 125 Wabeled Upoproteins from the circulation 
(Fig. 6) For this purpose, we isolated three lipoprotein frac- 
tions (VLDL, LDL, and HDL) by ultracentrifugation of 
pooled plasma of 50 LDLR~ { ~ mice. After radiolabeling with 
l25 I f each lipoprotein was injected into the external jugular vein 
of three wild-type (+/+) and three homozygous (-/-) ani- 
mals. Blood was obtained at the indicated intervals, and the 
radioactivity was expressed relative to the radioactivity at 2 
min after injection of the label As shown in Fig. 6 A wild-type 
mice (open circles) clear l25 l-VLDL much more efficiently 
than LDLR-t- animals (closed circles). In the wild-type am- 
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Figure 6. Disappearance of '"I-labeled lipoproteins from the circula- 
tion in wild-type (o) and LDLR' 1 ' (•) mice. For each graph, 3 
wild-type and 3 LDLR~?~ male mice, 20-24 wk of age that had been 
fasted for 12 h, were anesthetized with sodium pentobarbital (60 
mg/kg). Each mouse received an intravenous bolus via the external 
jugular vein of 0.25 ml of 0.15 M NaCl containing bovine serum 
albumin (2 mg/ml) and one of the following '^-labeled mouse Upo- 
proteins: l5/*gproteinof l25 l.VLDL(2,500cpm/ng protein), I5,jg 
protein of » 15 I-LDL ( 1,1 10 cpm/ng protein), or 15 Mg protein of I- 
HDL (491 cpm/ng protein). Blood was collected at the indicated 
time by retro-orbital puncture. In A and B t the plasma content of 
IJ5 Mabeled apo B was measured by isopropanol precipitation fol- 
lowed by gamma counting ( 10, 52). In C, the plasma content of tri- 
chloroacetic arid-precipitabtc '^radioactivity was measured The 
" 100% of control" represents the average value for plasma I-radio- 
activity in the wild-type and mutant mice at 2 min after injection. 
One wild-type animal in A died ~ 30 min after the intravenous in- 
jection. 



mals 50% of the radioactivity had been eUminated within 10 
min, and this was prolonged to 5 h in the LDLR-* mice. The 
clearance of 125 I-LDL was also retarded in the LDLR' ani- 
mals (half-time for disappearance, 5 h in the LDLR' f mice 
vs. 2 h in the wild-type animals) (Fig. 6 B). The clearance of 
l25 l-HDL (half-time of 5.5 h) was not affected by the receptor 
deficiency (Fig. 6 Q. 

In order to determine whether adenovirus-mediated gene 
transfer of the human LDL receptor can reverse the abnormali- 
ties caused by the knockout of the LDL receptor, we injected 2 
X 10* pfu of recombinant virus containing either the luciferase 
cDNA (AdCMV-Luc) or the LDL receptor cDNA (AdCMV- 
LDLR) into LDLR' 1 ' mice. This dose has been found previ- 
ously to cause expression of the foreign gene in the majority of 
hepatocytes (23). 4 d after administration of the recombinant 
viruses, liver membrane proteins were prepared from the indi- 
vidual animals and separated by SDS gel electrophoresis ( Fig. 
7). Lane 1 shows an immunoblot of a wild-type mouse liver, 



Figure 7. Immunoblot 
analysis of LDL recep- 
tors tn liver membranes 
from LDLR" 1 ' mice 
- LDLR 4 d after injection of re- 
combinant adenovirus 
expressing the human 
LDL receptor cDNA. 
_ Male mice homozygous 

for the disrupted LDL 
receptor allele, 17 wkof 
age, were injected intra- 
venously with 2 X 10* pfu of adenovirus containing either the lucif- 
erase cDNA (lane 2) or the human LDL receptor cDNA (lane 3) as 
described in Methods. 4 d after administration of the virus, the ani- 
mals were killed, and liver membranes were prepared from single 
mice, subjected to SDS gel electrophoresis under reducing conditions 
(5% [vol/vol] 2-mercaptoethanol), and transferred to filters for im- 
munoblot analysis with a rabbit anti-LDL receptor IgG as described 
in the legend to Fig. 3. Lane 1 contains liver membrane proteins from 
a wild-type mouse not injected with recombinant adenovirus. The 
position of migraUon of the mature LDL receptor (LDLR) is indi- 
cated by the arrow. The immunoreactive protein marked by the as- 
terisk (*) represents the truncated form of the LDL receptor caused 
by insertion of the neo cassette into exon 4, 
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revealing the normal mouse LDL receptor. As expected, no 
intact LDL receptor protein is detectable by immunoblotting 
in the liver of an LDLR' 1 ' mouse injected with the luciferase- 
containing control virus (lane 2). In contrast, injection of 
AdCMV-LDLR led to high-level expression of the intact recep- 
tor in the liver of an LDLR' 1 ' mouse (lane J). 

Fig. 8 shows an immunohistochemical analysis of LDL re- 
ceptor expression in the livers oiLDLR' 1 ' mice 4 d after injec- 
tion of AdCMV-Luc (A) or AdCMV-LDLR (B). In animals 
injected with the luciferase-containing virus, there were no de- 
tectable LDL receptors (A). In the mice injected with 
AdCMV-LDLR the majority of cells showed positive immuno- 
fluorescence (^). The enhanced magnification in C shows that 
the virally encoded receptor was expressed in a polarized fash- 
ion on the Wood-sinusoidal surface of the hepatocyte, as is the 
human LDL receptor in transgenic mice (21 ). 

To test the function of the adenovinis-encoded receptor, we 
measured the clearance of IJ5 Wabeled VLDL (Fig. 9). For this 
experiment we used VLDL isolated from WHHL rabbits, 
which are deficient in functional LDL receptors. In prelimi- 
nary experiments we found that l25 I-labeled VLDL from 
WHHL rabbits is cleared from the circulation of normal mice 
approximately as rapidly as m Mabeled mouse VLDL, and the 
rabbit lipoprotein is much easier to obtain. LDLR~ f mice that 
received recombinant adenovirus encoding the human LDL 
receptor cleared the ,23 I-labeled rabbit VLDL from their 
plasma at a rapid rate (Fig. 9). In contrast, mice that had re- 
ceived the luciferase-containing virus cleared the l25 I-VLDL at 
a rate that was similar to that of uninjected animals (compare 
with Fig. 6 A). 

We next sought to determine whether the adenovinis-en- 
coded receptors could normalize the lipoprotein profile of 
LDLR't- mice. For this purpose we injected the control virus 
(AdCMV-Luc) or the LDL receptor-containing virus 
(AdCMV-LDLR) into LDLR' 1 ' male mice (3 animals per 
group). 4 d after injection the animals were exsanguinated, the 
pooled plasma of each group was subjected to FPLC gel filtra- 
tion, and the cholesterol content of the fractions was plotted 
(Fig. 10). The lipoprotein profile of the mice that had been 
injected with the luciferase-containing virus closely resembled 
the profile of uninjected animals (compare with Fig. 4). In the 
group that had received the LDL receptor-containing virus, the 
IDL/LDL peak disappeared, and there was a slight increase in 
VLDLrcholesterol. 

Discussion 

The current results demonstrate that elimination of functional 
LDL receptor genes by homologous recombination profoundly 
elevates IDL and LDL levels in mice and that these abnormali- 
ties can be reversed postnatally by adenovirus-mediated 
transfer of a gene encoding the LDL receptor. The experiments 
establish a new animal model by which to explore genetic and 
environmental factors that interact with LDL receptors to con- 
trol cholesterol levels. They also provide a new model system in 
which to study somatic cell gene therapy targeted at the liver. 

The most profound functional change observed in the 
current study was the marked reduction in the clearance rate of 
l25 Mabeled VLDL from plasma in the homozygous LDLR' 1 ' 
mice. The time required for clearance of 50% of the injected 
lipoprotein rose from 10 min to 300 min, a 30-fold change. 
These data indicate that the LDL receptor is responsible for 



most of the rapid clearance of VLDL remnants and IDL from 
plasma of mice. The exact proportion cleared by the LDL re- 
ceptor may be overestimated in these studies because the la- 
beled VLDL was prepared from LDL receptor-deficient ani- 
mals, i.e., LDLR' 1 ' mice or homozygous WHHL rabbits. Al- 
though these particles float in the VLDL density range (d 
< 1.006 g/ml), they are likely to represent partially metabo- 
lized VLDL particles that have overaccumulated in the donor 
animals because of the LDL receptor deficiency. Any VLDL 
particle that is rapidly cleared from plasma in the receptor-defi- 
cient animals would be underrepresented in the sample that is 
used for labeling. This would include large apo E-rich VLDL 
particles containing either apo *48 or apo B-100, which may 
be cleared in part by the chylomicron remnant receptor (38). 
This problem of underrepresentation of rapidly cleared parti- 
cles is a problem with all apoprotein clearance studies (see 
Discussion in reference 38). Despite these limitations, the data 
indicate clearly that the VLDL fraction of mice contains a sub- 
stantial number of particles that are normally cleared by the 
LDL receptor, presumably owing to their content of apo E. In 
LDL receptor deficiency states, these particles remain m 
plasma for long periods and are presumably converted to LDL. 
Although such conversion was not studied in the current study, 
it was previously demonstrated in WHHL rabbits ( 10, 39). 

Striking parallels exist between the findings in the current 
study of LDLR-'~ mice and previous studies of lipoprotein 
clearance in homozygous WHHL rabbits ( 10, 39) and FH ho- 
mozygotes (9). In all three species the most profound abnor- 
mality involves the clearance of VLDL remnants and IDL. In 
WHHL rabbits, the half-time for VLDL clearance was ex- 
tended from 12 to 480 min ( 10), a result that parallels the 10 to 
300 min change in the current study. In a study of IM I-VLDL 
turnover in FH homozygotes, Soutax et al. (9) observed a se- 
venfold decrease in the clearance of m I-lDL derived from I- 
VLDL ( fractional turnover rate 0.48 / h in normal subjects vs. 
0.064/h in FH homozygotes). Using a more complex kinetic 
analysis, James et al. (43) also found a decreased clearance of 
VLDL remnants and IDL. This indicates that a major function 
of the LDL receptor in all three species is the clearance of 
remnant particles derived from VLDL, thereby preventing 
their conversion into LDL. 

The relative decline in LDL clearance observed in LDL 
receptor-deficient mice (2.5-fold) also correlates well with ob- 
servations in WHHL rabbits. Yamada et al. (39) observed a 
reduction of 2-fold, Pittman et al. (40) 2.6-fold, and Spady et 
al. (41) 3.5-fold. In FH homozygotes the reduction in LDL 
clearance is also about threefold (42, 43). These data indicate 
that about 60% of LDL particles are normally cleared by the 
LDL receptor in mice. The residual clearance of LDL observed 
in the absence of LDL receptors is likely to be mediated by 
another receptor with a lower affinity for LDL. Like the LDL 
receptor, this alternate receptor functions primarily in the 
liver (40). 

The absolute level of plasma LDL-cholesterol in the 
LDLR~'~ mice is much lower than that observed in WHHL 
rabbits or FH homozygotes. Although we did not measure 
LDL-cholesterol quantitatively, it is apparent from the FPLC 
profiles that the IDL/LDL peak contains ~ 50% of the total 
cholesterol in the plasma of the LDLR' 1 ' mice, which would 
indicate an IDL/ LDL-cholesterol level of - 1 30 mg/dl. This 
contrasts with LDL-cholesterol levels above 450 mg/dl in 
WHHL rabbits ( 10, 44) and FH homozygotes (2). This differ- 
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Figure 8, immunohistochemical staining of 
LDL receptors in the liver of an LDLR'*' 
mouse after treatment with recombinant ade- 
novirus expressing the human LDL receptor 
cDNA. Male mice homozygous for the 
disrupted LDL receptor allele, 18 wk of age, 
were injected intravenously with 2X10 pfo 
' ofdthcrAo^MV-Luciferase(>4)orAdCMV- 
LDLR ( B and C) as described in Methods. 
Four days after administration of the virus, the 
liven were removed for immunohistoche- 
mistry. Frozen sections were incubated with 
20 Mg/ml of rabbit polyclonal anti-LDL re- 
ceptor antibody, and bound IgG was detected 
with 5 Mg/ml FITC-labelcd goat anti-rabbit 
IgG as described in Methods. Magnification, A 
andB,x25;CXlOO. 
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Figure 9. Disappearance 
of ,M I-VLDLfrorathe 
circulation of LDLR' 1 ' 
mice after treatment 
with recombinant ade- 
novirus expressing the 
human LDL receptor 
cDNA. Three male 
mice homozygous for 
the disrupted LDL re- 
ceptor allele, l9wkof 
age, were injected intra- 
venously with 2 x I0 9 
pfo of either AdCMV- 
LDLR (o) or 
AdCMV-Luciferase 
(•). 4 d after adminis- 
tration of the virus, the 
animals (nonfasted) 
were injected with 15 



p% protein of '"I-Iabelcd VLDL(308 cpm/ng protein) isolated from 
WHHL rabbits. Blood was collected at the indicated time by 
retro-orbital puncture, and the plasma content of '^-^dedipo > B 
was measured by isopropanol precipitation ( 10, 52). The M 100% off 
control" represents the average value for plasma m I-radioacUvity I 
min after injection. One animal injected with AdCMV-LDLR died 
~ lOmin after injection of the IW I-VLDL 



ence might be explained by the production of VLDL contain- 
ing apo B-48 in livers of mice, but not rabbits or humans. 
About 70% of the apo B mRNA in the livers of adult mice 
encodes the apo B-48 isoform ( 14). Remnants derived from 
apo B-48 containing VLDL might be cleared relatively rapidly 
by the livers of the LDLR' f ' mice, owing to the ability of the 
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Figure 10. FPLC profiles of plasma lipoproteins from LDLR-'' mice 
after treatment with recombinant adenovirus expressing the human 
LDL receptor cDNA. Three male mice homozygous for the LDL re- 
ceptor disrupted allele, 17 wk of age, were injected with 2X10 pfu 
of adenovirus containing either the luciferase cDNA (o) or the hu- 
man LDL receptor cDNA (• ). 4 d after administration of the virus, 
Mood was collected from the animals (nonfasted), and the plasma 
from the three animals in each group was pooled and subjected to 
gel filtration on FPLC. The cholesterol content of each fraction was 
determined as described in Methods. The mean total plasma choles- 
terol levels in the two groups of mice were 279 mg/dl (o) and 1 39 
mg/dl (•). 



apo E/apo B-48 particles to bind to chylomicron remnant re- 
ceptors, thereby leading to lower levels of LDL. 

The hypothesized role of apo E/apo B-48 particles is sup- 
ported by a comparison of the current data with those of Zhang 
et al. (45) and Plump et al. (46), who eliminated the gene for 
apo E in mice using a similar homologous recombination tech- 
nique. Apo E-'- mice had total plasma cholesterol levels of 
400-500 mg/dl, nearly all of which was contained in part icles 
with the size of VLDL and VLDL remnants. The level of apo 
B-48 in plasma was also markedly elevated (45). The seventy 
of this abnormality in comparison with the effects of LDL re- 
ceptor deficiency supports the notion that apo E binds to two 
receptors, the LDL receptor and the chylomicron remnant re- 
ceptor. Knockout of apo E therefore has a more profound ef- 
fect on lipoprotein clearance than knockout of the LDL recep- 
tor in mice. . . 

In humans the opposite is true, i.e.. LDL receptor defi- 
ciency raises the total plasma cholesterol more than does apo fc 
deficiency. Receptor-negative FH homozygotes have totol 
plasma cholesterol levebof700-l,000mg/dl(2),whereasindi- 

viduals with an absence of apo E have plasma cholesterol levels 
of 443 to 614 mg/dl (47). This is likely due, in part, to the fact 
that human livers do not produce apo B-48 and that apo b 
accelerates the removal of apo B-100 containing VLDL rem- 
nants primarily by binding to only one receptor, namely, the 
LDL receptor. . 

LDL receptors are believed to constitute an important de- 
fense against the cholesterol-elevating effect of dietary cboles- 
teroK 1 ).In rabbits(48)and hamsters(49), dietary cholesterol 
elevates plasma LDL-cholesterol levels in part by suppressing 
LDL receptors. In the current study, LDL receptor-deficient 
mice responded to the 0.2% cholesterol/ 10% coconut oil diet 
with a rise in plasma LDL-cholesterol that was much greater 
than was observed in wild-type mice. There was also a definite 
increase in the amounts of apo B-100 and apo E in plasma, 
particularly in the IDL/LDL fraction (Fig. 5). Thus, when 
LDL receptors are already absent as a result of genetic elimina- 
tion, mice become hyperresponsive to dietary cholesterol. 

The current experiments with recombinant adenovirus 
demonstrate that this vector can restore LDL receptor expres- 
sion within 4 d in an LDL receptor-deficient mouse. However, 
many technical problems would have to be overcome before 
such therapy could be considered for humans. First, it is un- 
known whether or not the expression of adenovirus-encoded 
genes in liver will persist for long periods. The genome of the 
defective virus does not replicate, nor does it integrate into the 
genome at any appreciable frequency. On the other hand, 
Stratford-Penicaudet et al. (24) did note persistent expression 
for a year after injection of the virus into neonatal animals 
lacking ornithine transcarbamylase activity. Second, adenovi- 
rus-encoded proteins are likely to be the targets of immune 
reactions. Mice are known to develop an immune response to 
adenoviral proteins (50), which might hamper its use for long 
periods in these animals. Nearly all humans are expected to 
possess antibodies against adenovirus, and these might prevent 
use of this vector in people. Despite these reservations about 
human applicability, the adenovirus vector is a useful experi- 
mental tool to change the expression of genes acutely in the 
liver. In the current studies, we used it to reveal the type of 
result to be expected when more applicable long-term gene 
delivery methods have been developed. 
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Hyperlipidemia and Atherosclerotic Lesion Development in 
LDL Receptor-Deficient Mice Fed Defined Semipurified 
Diets With and Without Cholate 

Andrew H. Lichtman, Steven K. Clinton, Kaeko Iiyama, Philip W. Connelly, 
Peter Libby, Myron L Cybulsky 

Abstract-Fzst studies of atherosclerosis in mice have used chow-based diets supplemented with cholesterol, lipid, and 
sodium cholate to overcome species resistance to lesion formation. Similar diets have been routinely used in studies wife 
LDL receptor-deficient (LDLR~'~) mice. The nonphysiological nature and potential toxicity of cholate-contaimng diets 
have led to speculation that atherogenesis in these mice may not accurately reflect the human disease process. We have 
designed a semipurified AIN-76A-based diet that can be fed in powdered, pelleted, or liquid form and manipulated for 
the precise evaluation of diet-genetic interactions in murine atherosclerosis. LDLR mice were randomly assigned 
among 4 diets (n=6/diet) as follows: 1 , control. 10% kcal lipid; 2, high fat (40% kcal), moderate cholesterol (0.5% by 
weigh* 3, high fat, high cholesterol (1.25% by weight); and 4, high fat, high cholesterol, and 0.5% (wt/wt sodium 
cholate. Fasting serum cholesterol was increased in all cholesterol-supplemented mice compared with controls after 6 
or 12 weeks of feeding (P<0.01). The total area of oil red O-stained atherosclerotic lesions was determined from 
digitally scanned photographs. In contrast to the control group, all mice in cholesterol-supplemented dietary groups 2 
to 4 had lesions involving 7.01% to 12.79% area of the thoracic and abdominal aorta at 12 weeks (P<0.002, for each 
group versus control). The distribution pattern of atherosclerotic lesions was highly reproducible and comparable. The 
histological features of lesions in mice fed cholat^rree or cholate-containing diets were similar. This study shows that 
sodium cholate is not necessary for the formation of atherosclerosis in LDUR mice and that precise y defined 
semipurified diets are a valuable tool for the examination of diet-gene interactions. (Arterioscler Thromb Vase Biol. 
1999;19:1938-1944.) 

Key Words: atherosclerosis ■ LDL receptor ■ dietary lipids ■ cholesterol ■ mice 



The development of murine models defective in genes 
controlling lipid metabolism and lipoprotein expression 
provides an opportunity to understand better the complex 
interactions between diet and genetics in atherosclerosis. In 
the last several years, embryonic stem cell and transgenic 
technologies have been used to alter the expression levels of 
various genes affecting lipoprotein metabolism and have led 
to the development of murine knockout and transgenic 
models of atherogenesis. The ApoE knockout (ApoE"'"), 1 ' 2 
LDL receptor knockout (LDLR"'"), 3 and human ApoB trans- 
genic mice 4 - 5 develop lesions throughout the arterial tree. 
Their distribution pattern and morphological features share 
many similarities with human atherosclerosis, suggesting that 
similar pathogenic mechanisms may be involved. 6 7 ApoE"'" 
mice develop hypercholesterolemia and atherosclerotic le- 
sions spontaneously, and this can be accelerated by feeding a 



Western-type diet 1 ' 6 In contrast, LDLR"'" mice fed a chow 
diet have only a 2-fold elevation in plasma cholesterol 
compared with control mice and do not develop significant 
lesions in the first 6 months of life. 3 When fed a diet 
consisting of 1.25% cholesterol, 7.5% cocoa butter, 7.5% 
casein, and 0.5% cholic acid, these mice develop marked 
hypercholesterolemia and lesions throughout the aorta within 
3 to 4 months. 8 Because hypercholesterolemia and lesion 
formation in LDLR"'" mice are readily enhanced by a diet 
supplemented with fat, cholesterol, and cholate, these mice 
provide a unique opportunity for evaluation of early events in 
atherogenesis. 

Before the development of atherosclerosis-prone gene- 
targeted mutant mice, many studies were performed with 
normal mice fed chow-based diets supplemented with vary- 
ing amounts of saturated fats, cholesterol, and cholate to 
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induce atheromatous lesions. In particular, C57BL/6 mice are 
susceptible to dietary intervention and develop foam cell-rich 
lesions in the aortic root, but not advanced atheromas. 9 -' 3 
Dietary cholate was required to achieve significant hypercho- 
lesterolemia, presumably by interfering with hepatobiliary 
excretion of cholesterol Most published studies of athero- 
sclerosis in the LDLR"'~ mice have relied on similar diets 
supplemented with cholate, cholesterol, and lipid that were 
used in the earlier C57BL/6 mouse studies. This has led to 
criticisms of the LDLR~'~ mouse model based on the spec- 
ulation that toxic metabolic effects of cholate may modify the 
pathogenesis of vascular disease in ways not relevant to 
human atherosclerosis. For example, cholate may cause 
hepatic steatosis that can progress to cirrhosis accompanied 
by several host metabolic, physiological, and hormonal 
changes that can potentially interfere with the interpretation 
of studies focusing on the histopathological and molecular 
events during atherogenesis. Recent data from our group and 
others indicate that cholate is not necessary and that a diet 
supplemented with cholesterol and saturated fat is sufficient 
for aortic lesion development in LDLR~'~ mice. 1415 

From a nutritional perspective, the dilution of a chow diet 
with purified lipids, such as hydrogenated coconut oil, in- 
creases the caloric density of the diet and reduces the ratio of 
essential nutrients to dietary energy, thereby potentially 
contributing to marginal nutrient intake in mice consuming 
the atherogenic diet Chow diets do not take advantage of the 
accumulated knowledge concerning nutritional requirements 
of mice and the experience of many investigators using 
precisely controlled semipurified or purified diets for studies 
of chronic disease processes in rodents. 16 " 1 * Chow diets are 
formulated from natural ingredients to satisfy the minimal 
nutrient requirements for growth and reproduction but they 
differ individual nutrients over time, seasonally, in different 
geographic locations and between companies in the sources 
of ingredients included in the final product. 20 Furthermore, 
many man-made and natural toxins are detected in chow 
diets, such as aflatoxins, nitrosamines, pesticides, herbicides, 
and heavy metals. 20 * 22 Chow diets contain a variety of natural 
substances from grains, fruits, and vegetables that may 
modify lipid metabolism and atherogenesis, including a 
diverse array of soluble and insoluble fiber sources and a 
multitude of biologically active phytochemicals such as 
carcinoids and flavonoids. For example, the latter constitu- 
ents may exert antioxidant actions that could influence 
atherogenesis and confound experiments. 

We propose that investigators of atherogenesis using the 
many new transgenic and gene knockout models should 
consider using precisely defined semipurified diets in their 
studies. This approach adds very little to the overall costs of 
in vivo investigations and can help improve the quality of . 
data obtained and the comparison of results among laborato- 
ries over time. Furthermore, the use of semipurified diets in 
murine studies provides a method for precise control of 
dietary and nutritional factors, allowing for a meaningful 
evaluation of specific nutritional interventions that may be 
relevant to human disease processes. We therefore designed 
and tested several semipurified diet formulations in a study of 
atherogenesis in LDLR~'~ mice. 



Methods 

Mice 

Male LDLR''' mice (homozygous) from a mixed C57BU6JX 129Sv 
background (50% C57BIV6J:50% 129Sv) were purchased from 
Jackson Laboratories and maintained in the Longwood Medical 
Research Center facility in accordance with guidelines of the 
Committee on Animals of the Harvard Medical School and those 
prepared by the Committee on Care and Use of Laboratory Animals 
of the Institute of Laboratory Resources, National Research Council 
[DHEW publication No. (NIH) FS-23J. At 8 to 12 weeks of age, 
mice that reached a weight of 21 to 22 g were randomly assigned to 
I of 4 diets (see below) fed ad libitum for 12 weeks. For experiments 
that included analyses of body weight, total plasma cholesterol and 
triglycerides, and atherosclerotic lesion formation in the aorta, 
groups consisted of 6 mice. Additional male LDLR"'" mice were fed 
identical diets and killed to obtain plasma for lipoprotein analysis, 
liver function tests, and tissues for histology. 

Diets _ . . 

Four diets were used in this study. Each diet was a modification ot 
the AIN-76A semipurified diet for mice and rzts^ 19 and prepared by 
Or Edward A. Ulman at Research Diets, Inc. according to our 
formulations (Table 1). The diets provide adequate concentrations of 
all known essential nutrients for the mouse. The carbohydrate 
component was altered from the original AIN-76A formulation by 
including expanded maltose dextrin, which allows the lipid concen- 
tration to vary from the range of 10% to 40% of total energy (~5% 
to 20% by weight) without a problem of "settling out." Furthermore, 
the carbohydrate modifications allow a diet to be fed as a powder, a 
liquid formulation, or processed into pellets (used in this study). The 
4 experimental diet groups include diet 1 group (Research Diet 
D12102), control (10% kcal lipid); diet 2 group (Research Diet 
D12107), high fat (40% kcal lipid), moderate cholesterol (0.5% by 
W eight); diet 3 group (Research Diet D12108), higfr fat, high 
cholesterol (1.25% by weight); and diet 4 group (Reseat^ Diet 
D12109), high fat, high cholesterol, and sodium cholate (0.5% by 
weight). The addition of lipid to the baseline diet formulation is 
achieved by substituting fat (9 kcal/g of metabolizable energy) for 
carbohydrate (4 kcal/g of metabolizable energy) based on an equal 
amount of energy (kcal) rather than an equal weight (g). This 
approach is necessary to maintain a constant ratio of all other 
nutrients in the diet to energy. This technique of diet formulation 
avoids the problem of reduced nutrient content of the high-fat diets 
prepared by the dilution technique (ie, chow diluted with fat) or 
when fat is substituted for carbohydrate on the basis of weight. 

Cholesterol Measurements and Liver 
Function Tests 

Serum samples were collected for lipid analysis after overnight 
fasting At 0 (initiation of the study), 6 and 12 weeks, blood was 
obtained from individual mice by tail-vein nicking and total serum 
cholesterol and triglyceride levels were determined by colonmetnc 
assays (Sigma Chemical Co). Blood was obtained from the retroor- 
bital plexus for analysis of plasma lipoproteins by fast protein liquid 
chromatography gel-filtration chromatography after 12 weeks of 
diet. Samples were anticoagulated with EDTA (3 mmol/L or 0.1% 
final) and sodium azide 0.02% was added as a preservative. To 
obtain a plasma volume of at least 250 jxL, plasma was pooled from 
several mice within each group. Erythrocytes and leukocytes were 
removed by low-speed (400$, 10 minutes, 4°C) and platelets by 
high-speed (3000g, 5 minutes, 4°C) centrifugations. Plasma was 
stored at 4°C for <2 days. Plasma was subjected to fast protein 
liquid chromatography gel-filtration chromatography by using a 
Superose 6HR 10/30 column (Pharmacia Biotech) as was previously 
described. 23 Filtered plasma (200 ftL) was loaded on the column and 
was eluted with 2 mmol/L sodium phosphate, 0.14 mol/L NaCl, 
5 mmol/L Na^EDTA, 0.02% NaN 3 , pH 7.4, at a constant flow rate of 
0.5 raL/min. Fractions (0.5 mL) were collected and total cholesterol, 
triglycerides, free cholesterol, and choline-containing phospholipids 
were measured on a Technicon RA1000 (Bayer Corp). Triglycerides 
were corrected for free glycerol by using a triglyceride blank reagent 
(Bayer Corp). The cholesterol and triglyceride assays were standard- 
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TABLE 1. Formulation for the Diets Used in This Study and Their Macronutrient Contents as Percentages of Total Energy 

Diet 4 (40% kcal fat, 
1.25% cholesterol, 
0.5% cholate) 



Diet 1 (10% kcal fat, 
0% cholesterol§§, 
0% cholate§§) 



Diet 2 (40% kcal fat, 
0.5% cholesterol, 
0% cholate) 



Diet 3 (40% kcal fat, 
1.25% cholesterol, 
0% cholate) 



Ingredient 



Grams 



kcal 



Grams 



kcal 



Grams 



kcal 



Grams 



kcal 



Formulation 
Caseinf 
Cystine 
Soy oi£ 
Cocoa butter§ 
Cornstarch 
Malto-dextrinJ 
Sucrose 
Cellulose! 
Mineral Mix# 
Dicateium phosphates 
Calcium carbonate* 
Potassium citrate, monohydrate# 
Vitamin mix** 
Cholineft 
Cholesterol 
Cholate 

Total grams or kcal* 



200.0 


800 


200.0 


800 


200.0 


800 


200.0 




Ann 


3.0 


12 


3.0 


12 


3.0 


12 


1 ft 

3.0 




19 


25.0 


225 


25.0 


225 


25.0 


225 


25.0 






20.0 


180 


155.0 


1395 


155.0 


1395 


155.0 




1395 


375.0 


1500 


212.0 


848 


212.0 


848 


212.0 




848 


125.0 


500 


71.0 


284 


71.0 


284 


71.0 






200.0 


ouu 


113.0 


452 


113.0 


452 


113.0 




452 


50.0 




50.0 


0 


50.0 


0 


50.0 




0 


10.0 


0 


10.0 


0 


10.0 


0 


10,0 




0 




o 

V 


13.0 


0 


13.0 


0 


13.0 




0 


0.0 


o 

u 


5.5 


0 


5.5 


0 


5.5 




0 


16.5 


0 


16.5 


0 


16.5 


0 


16.5 




0 


10.0 


40 


10.0 


40 


10.0 


40 


10.0 




40 


2.0 


0 


2.0 


0 


Z.U 


A 
V 


2.0 




o 


0 


0 


• 4.5 


0 


11.25 


0 


11.25 




0 


0 


0 


0 


0 


0 


0 


4.5 




0 


1055.0 


4057 


890.6 


4056 


897.35 


4056 


901.85 




4056 


%kcaJ 




%kcal 




%kcal 




% kcal 




20 




20 




20 






20 




70 




40 




40 






40 




10 




40 




40 






40 




3.8 




4.5 




4.5 






4.5 





Macronutrient content 
Protein 
Carbohydrate 
lipid 

kcal/g in diet* 



of minerals, vitamins, and fiber were adjusted to maintain a constant ratio to energy. 
tAlcohol extracted casein, 99% protein. 
tSoy oB provides a minimal supply of essential fatty acids. 

rwo haw cpiprtpd cocoa butter for this study, because it is a saturated fat but has no cholesterol. u< * 

SESSSi a ^pT* of the SSUh action that assists in maintaining the lipid fraction equaliy dispersed throughout the d,et during shlpp-ng. 

storage, and feeding. 

M^Snbchns with the calcium and phosphate removed. Dicalcium phosphate, calcium carbonate, and potassium citrate, monohydrate are replaced, 
to increase phosphate and potassium relative to the original formulation. 
**AIM-76A vitamin mixture. 
ttCholine provided as choline bitartrate. . 

§§Cnotesterol and cholate (which do not contribute to total energy) are expressed as percent w/w. 



ized with the National Heart Lung and Blood Institutes-Center for 
Disease Control Lipid Standardization program. Reagents for free 
cholesterol and choline-containing phospholipid measurements were 
purchased from Boehringer Mannheim (Germany) and external 
standards were not available for these assays. 

Liver function tests were performed on serum samples by the 
Tufts Veterinary Diagnostic Laboratory, using an automated ana- 
lyzer. These tests included serum lactate dehydrogenase (LDH), 
serum ghitamic-oxaloacetic transaminase (SGOT), serum glutamic- 
pyruvate transaminase (SGPT), and serum bilirubin. 

Tissue Sampling and Analyses 

The surface area of aorta occupied by atherosclerotic lesions was 
quantified by en face oil red O staining, using an approach modified 
from Palinski et al. 24 Mice were killed, after 12 weeks of diet, by 
ether inhalation. A catheter was inserted into the left ventricle and 



the arterial tree was perfused with PBS (25 mL), then 10% buffered 
formaldehyde (40 mL, pH 7.4) at a pressure of 100 mm Hg. The 
entire aorta attached to the heart was dissected and placed overnight 
in formaldehyde. Using a stereomicroscope, the adventitial fat was 
dissected and the aorta was stained with oil red O as described by 
Nunnari et al. M After staining, the remaining adventitial fat was 
easily detected and was removed. The aorta was opened longitudi- 
nally, pinned en face on a black silicone- covered dish, and photo- 
graphed while immersed in PBS. Slides were scanned into a 
Macintosh computer and the percent surface area occupied by oil red 
O-stained lesions was determined by using image analysis software 
(NIH Image). The aortic arch (1 mm above the aortic valve cusps to 
2 mm below the ostium of the right subclavian artery), the descend- 
ing thoracic aorta (extending to 1 mm above the ostium of the celiac 
artery), the abdominal aorta (including the bifurcation and 0.5 mm of 
the iliac arteries), and the total aorta were evaluated. After photog- 
raphy, portions of aorta that contained lesions were cross-sectioned 
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Figure 1, Body weights of LDLR~'~ mice fed diets varying in 
fat, cholesterol, and cholate content. Mice were fed the diets 
described in Table 1 and were weighed every 2 weeks for 12 
weeks. The data represent the mean weights for the 6 mice in 
each group at each time point, 

and embedded in paraffin. Histological sections were prepared and 
stained with hematoxylin and eosin. 

Liver slices, obtained from each animal at the time it was killed, 
were fixed in formalin, paraffin-embedded, and histological sections 
were stained with hematoxylin and eosin. 

Statistical Analysis 

Food intake, body weight, and serum lipids were initially analyzed 
by ANOVA 26 followed by Fisher's PLSD 26 to calculate pairwise 
comparisons among treatment groups by using Statview 4.5 (Abacus 
Concepts, Inc). 

Results 

Body Weight 

The mean body weight of mice fed each of the 4 diets for 12 
weeks is shown in Figure 1. Mice fed the high-fat+0.5% 
cholesterol diet (diet 2) showed increased body weight 
(/><0.Q2) compared with controls (diet 1) during weeks 2 
through 10. This a common observation in studies where 
rodents are provided a high-fat diet, which is more palatable, 
resulting in a slightly greater intake of diet (kcal). However, 
we did not attempt to measure food intake in this study, 
because mice were not individually housed and they typically 
waste significant amounts of food when provided ad libitum. 
Additional effort is necessary to accurately quantitate the 
amount of food consumed in murine studies. Those fed a 
high-fat diet with higher, concentrations of cholesterol or 
supplemented with cholate did not exhibit a weight gain that 
was significantly different from controls. 

Lipid Analyses 

The analyses of total serum cholesterol and triglyceride levels 
at 0, 6, and 12 weeks are shown in Table 1 A significant 
effect of diet on serum cholesterol was observed at 6 weeks 
(P<0.0009, ANOVA). Pairwise comparisons show that mice 
fed diet 1 (control diet) have significantly lower serum 
cholesterol than those fed the high-fat diets supplemented 
with 0.5% cholesterol (diet 2; P<0.02, PLSD), 1.25% cho- 
lesterol (diet 3; P<0.02, PLSD), or 1.25% cholesterol and 
cholate (diet 4; P<0.0001, PLSD). A statistically significant 
difference was not found between diet groups 2 and 3. 
However, the addition of cholate (diet 4) increased serum 
cholesterol compared with diets 1, 2, and 3 (P<0.009, for all 
comparisons; PLSD). 



TABLE 2. Plasma Cholesterol and Triglycerides at Different 
Time Points ^ 

Cholesterol (mg/dL) 



Diet 



WeekO 
(Baseline) 



Week 6 



Week 12 



1(10% fat) 104±18 

2 (40% fat; 0.5% cholesterol) 133±51 

3 (40% fat; 1.25% cholesterol) 130±37 

4 (40% fat; 1 .25% cholesterol; 1 29±59 
0.5% cholate) 



97±21 124 ±49 

327 ±56* 328±111 

331 ±46* 597±131* 

598+71 *tt 761±208*t 



Triglycerides (mg/dL) 



1 (10% fat) 


52±7 


50±6 


63±19 


2 (40% fat; 0.5% cholesterol) 


40it10 


85±14 


110±37 


3 (40% fat; 1.25% cholesterol) 


50±11 


58±8 


141 ±34 


4 (40% fat; 1.25% cholesterol; 


41±10 


74±10 


80 ±37 


0.5% cholate) 









triglycerides. 
*P<0.02 compared with diet group 1. 
tP<0.02 compared with diet group 2. 
tP<0.02 compared with diet group 3. 

Similar results were observed at 12 weeks, although 
variation in serum cholesterol was greater (P<0.005, 
ANOVA). Pairwise comparisons at 12 weeks show that mice 
fed diet 1 (control diet) have lower serum cholesterol than 
those fed the high-fat diets supplemented with 0.5% choles- 
terol (diet 2; P<0.15, PLSD), 1.25% cholesterol (diet 3; 
P<0.007, PLSD), or 1.25% cholesterol and cholate (diet 4; 
P<0.001, PLSD). The addition of cholate (diet 4) increased 
serum cholesterol compared with those fed supplemental 
cholesterol without cholate (P<0.007 versus diet 2 and 
P=0.31 versus diet 3, both PLSD). Diets did not have any 
significant effect on serum triglyceride levels at 6 or 12 
weeks. 

The analysis of plasma lipoproteins by fast protein liquid 
chromatography gel-filtration chromatography after 12 weeks 
of diet is summarized in Figure 2. The extent of lipids 
recovered in Superose fractions was relatively uniform and 
comparable in all dietary groups. Percent recovery ranged 
from 83% to 87% for total cholesterol 90% to 94% for 
choline-containing phospholipids, and 68% to 120% for 
triglycerides. The data revealed that elevated total cholesterol 
in dietary groups 2 through 4 was the result of increased 
VLDL and IDL/LDL lipoproteins (Figure 2). Levels of HDL 
lipoproteins varied inversely with VLDL and IDL/LDL. For 
each lipoprotein class, levels of free cholesterol and choline- 
containing phospholipids were as expected, and in different 
dietary groups their ratios were comparable. These ratios 
typically were between 1 and 2 for VLDL and IDL/LDL and 
<0.6 for HDL (data not shown). There was no evidence for 
significant levels of lipoprotein X and HDL-E particles. 

Development of Atherosclerotic Lesions in 
the Aorta 

En face oil red O staining revealed minimal atherosclerotic 
lesion formation in mice fed diet 1 (control diet) for 12 
weeks. In contrast, lesions were readily detected in each of 
the groups fed cholesterol-containing diets (Figure 3 and 
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Figure 2L Plasma cholesterol profiles of LDLR ' mice fed diets 
varying in fat, cholesterol, and cholate content. Mice were fed 
the diets described in Table 1 for 12 weeks, when blood sam- 
ples were obtained from each dietary group and plasma was 
pooled. Plasma was subjected to fast protein liquid chromatog- 
raphy gel-filtration chromatography as described in Methods. 
Lipoproteins were measured in each fraction and the total cho- 
lesterol levels are plotted. 

Table 3). The percent surface area of the entire aorta involved 
by lesions was significantly greater in mice fed diets 2, 3, and 
4, compared with controls (diet 1), as well as in mice fed diet 
4 compared with group 2. The interpretation was similar 



Diet 1 



Dieta 



Diets 



Diet 4 




Figure 3. Oil red O-stalned atherosclerotic lesions in aortas of 
LDLR"'" mice fed diets varying in fat, cholesterol, and cholate 
content Mice were killed after being fed defined diets described 
in Table 1 for 12 weeks. Aortas were prepared and stained with 
oil red O as described in Methods. One representative aorta 
from a total of 6 in each of the 4 dietary groups is shown. 



when the arch, thoracic, and abdominal regions were evalu- 
ated individually (Table 3). The anatomic distribution of 
atherosclerotic lesions was identical in dietary groups 2, 3, 
and 4 (Figure 3). Lesion-predisposed sites included the aortic 
root, the lesser curvature of the arch, and near the orifice of 
the brachiocephalic, intercostal, celiac, superior mesenteric, 
and renal arteries. 

Histological examination revealed a similar morphology 
and cellularity in atheromas from each of the groups fed 
cholesterol-containing diets (Figure 4). The lesions had char- 
acteristic intimal thickening with foam cells, and apparent 
smooth muscle cell infiltration. 

Liver Function Tests and Histology 

To determine if consumption of a cholate-containing diet for 
12 weeks led to liver damage, serum liver enzyme levels and 
liver-derived products were measured and histological sec- 
tions of liver were evaluated. The liver function test results 
were comparable between all dietary groups, suggesting that 
the liver parenchyma and biliary system were not seriously 
damaged after 12 weeks of feeding. Of particular interest, 
mice in group 4 (fed 1.25% cholesterol with cholate) did not 
have a significant elevation in serum bilirubin, alkaline 
phosphatase, -y-glutamyltransferase (GGT), alanine amino- 
transferase (ALT), or aspartate aminotransferase (AST), or 
decrease in albumin when compared with group 3 (also fed 
1.25% cholesterol, but without cholate) (data not shown). 
Hematoxylin and eosin sections of liver revealed substantial 
steatosis in dietary groups 3 and 4, with greater fatty changes 
observed in the cholate-supplemented group. There was no 
histological evidence of hepatocyte necrosis, apoptosis, in- 
flammation, fibrosis, or cirrhosis at the time point examined. 
However, all cholate-fed mice had stones in the gallbladder, 
whereas none were observed in mice fed cholate-free diets. 

Discussion 

This study demonstrates that nutritionally defined semipuri- 
fied diets are appropriate for the study of diet-genetic 
interactions in murine atherosclerosis. They offer several 
advantages compared with the commonly used chow-based 
diets, including reproducibility and uniformity of content, and 
the ability to precisely alter composition. Dietary lipid satu- 
ration and concentration are frequently the focus of hypoth- 
eses in experimental atherogenesis as a consequence of the 
enormous body of clinical and epidemiological data suggest- 
ing their importance in vascular disease. A semipurified diet 
allows the investigator to alter lipid concentration by substi- 
tution for an equivalent amount of energy from carbohydrate, 
to maintain a constant ratio of all other nutrients to energy in 
the control and high-fat diets. This is impossible to achieve 
when adding fat by dilution to a chow diet. The dilution 
technique confuses the interpretation of results. Indeed many 
investigators using diets prepared by dilution of chow with fat 
are seemingly unaware of the fact that mice consuming an 
identical amount of energy from the high-fat diet are also 
exposed to a significantly lower amount of all components of 
the chow, such as protein, all vitamins and minerals, and 
biologically active but nonnutrient factors such as fiber and 
phytochemicals, including those with antioxidant properties. 
The role of specific vitamin and mineral deficiencies or 
excess can be precisely examined by using semipurified diets 
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TABLE 3. Atherosclerotic Lesion Formation in Mouse Aortas After 12 Weeks 
of Diet 

Percentages of Aortic Surface Area Involved by 

Oil Red O-Stained Lesions 

Dietary Group (n=6) Total Arch Thoracic Abdominal 

1 (control) 0.16±0.32 0.102:0.19 0.08±0.17 0.67±0.94 

2 (0.5% Cholesterol) 7.02±3.97* 24.96±12.09§ 2.80±2.35* 5.45-4.17* 
3(1.25% cholesterol) 8.27±3.59§ 31.66±11.93§ 3.57±3.5<T 4.10±2.90* 
4 (1.25% cholesterol^ chelate) 12J9±4.80§H 34.62±15.24§ 10.30±3.63§|| 5.69±5.15* 

*P<0.05; JP<0.003; §F<0.001, compared with group 1. 
||P<0.05, compared with group 2. 



because their contents can be individually manipulated in the 
AIN vitamin and mineral formulations. 18 - 19 The use of stan- 
dardized formulations will allow investigators to compare 
data derived from different laboratories without the concern 
that unquantifiable differences in the chow diets used con- 
tributed to the reported results. 

The semipurified formulation can be provided as a liquid 
or in powdered form. The liquid diet allows the investigator 
to obtain more precise estimates of intake because mice 
typically disperse much of a solid diet in a cage. Liquid diets 
also facilitate studies of the effects of alcohol intake and are 
ideal for macrophage colony-stimulating factor- deficient 
mice, which exhibit osteopetrosis and have no teeth, making 
it impossible to consume a pelleted diet 27-29 

The effects of dietary chelate on atherosclerosis suscepti- 
bility in genetically engineered mice should be reevaluated 
based on our results. Mice are very resistant to the develop- 
ment of atheromatous lesions in the arterial tree. Historically, 
investigators interested in genetic differences between murine 
strains in susceptibility to fatty streak formation devised diets 



Diet 2 
Diet 3 

Diet 4 




Figure 4. Histological appearance of aortic atherosclerotic 
lesions in LDUT 7 " mice fed diets varying in fat, cholesterol, and 
cholate content Hematoxylin and eosin-stained sections of 
formalin-fixed lesions from the aortas described in Figure 3 are 
shown. 



composed of chow diluted with saturated fat and supple- 
mented with cholesterol and cholate. 10 This diet led to the 
discovery that the C57BL/6 strain was more susceptible to the 
formation of fatty streaks in the aortic root 9 Although this 
dietary approach lacks many characteristics desired by exper- 
imental nutritionists, many investigators have subsequently 
used it in newer, models of atherosclerosis developed with 
transgenic and gene-deletion technology. However, the po- 
tential hepatotoxic effects of etiolate"*- 31 have raised con- 
cerns that LDLR"'" mice fed such diets are not useful for 
modeling human disease. 32 Our study clearly shows that 
cholate is not required for the development of atherosclerotic 
lesions throughout the aorta in the LDLR"'" strain, and 
therefore cholate is unnecessary as a dietary additive in 
studies of atherogenesis in these mice. Subsequent experi- 
ments demonstrated a rapid onset of lesion formation, in that 
most mice fed diet 3 for 4 weeks had early lesions in the 
lesser curvature of the aortic arch (data not shown). Com- 
pared with mice fed diet 3 (high fat, 1.25% cholesterol), the 
inclusion of cholate (0.5%, wt/wt) in diet 4 caused a further 
increase in plasma lipids and a trend toward a greater area of 
the aortic surface involved by atheromatous lesions. This 
trend was not statistically significant because of high inter- 
animal variability. Cholate-fed mice also developed gall- 
stones over the 12 weeks of investigation. It is our opinion 
that dietary cholate is unnecessary and perhaps a liability in 
studies of atherogenesis in the LDLR"'" mouse. 

Traditionally, cholesterol supplements of 2:1% have been 
used in murine and rabbit studies to enhance hyperlipidemia and 
the rate of lesion formation, thereby shortening the duration of 
studies. Diets high in cholesterol and fat may cause time- and 
dose-dependent hepatotoxicity, therefore lowering cholesterol 
concentration, may be advantageous. Our study begins to ad- 
dress this issue. We demonstrated that the lesion area after 12 
weeks of consuming 0.5% cholesterol (diet 2) was essentially 
indistinguishable from mice feed cholesterol at 1.25% (diet 3). 
At 12 weeks of feeding, there was a trend toward higher serum 
cholesterol and triglycerides in diet group 3. Perhaps this would 
lead to accelerated lesion progression and differences in lesion 
area would become significant in studies of longer duration. 
Cholesterol levels <0.5% can induce lesions in LDLR"'" mice. 
Palinski et al 14 fed LDLR" 7 " mice for 6 months with a diet 
containing 21% fat and 0.15% cholesterol (without cholate) and 
observed extensive atherosclerotic lesion formation throughout 
the aorta. In evaluating aortas of retired LDLR"'" breeders 
>1 year of age, we observed lesions in the aortic arch in 
most (unpublished data, 1998). This indicates that LDLR"'" 
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mice can develop lesions spontaneously even when fed a regular 
laboratory chow; however, their rate of formation is very slow, 
as lesions generally are not found in mice <6 months old. 

The existing literature on newer models of murine athero- 
genesis does not allow investigators to evaluate the role of 
dietary lipid concentration or the source of the lipid on lesion 
formation. In our study, the lipid content of diet 1 (control 
diet) was 10% of total energy (43% by weight), whereas in 
diets 2, 3, and 4 it was 40% (20% by weight). We included 
soy oil at 5.5% of total energy to ensure that a supply of 
essential fatty acids was constant in ail diets. We then 
manipulated cocoa butter as the variable lipid. We recom- 
mend that future investigators maintain a constant baseline 
supply of essential fatty acids in the diet unless they are 
particularly interested in this as a variable. It is possible that 
investigators manipulating the fat source could naively pre- 
pare or purchase a saturated fat-enriched diet deficient in 
essential fatty acids, which could complicate the interpreta- 
tion of murine studies. Furthermore, essential fatty acid 
deficiency is not observed in humans except in situations of 
several metabolic or gastrointestinal diseases. Humans con- 
suming diets rich in saturated fat and cholesterol easily 
achieve adequate intake of essential fatty acids. Therefore, 
murine models will more closely mimic human dietary 
patterns if essential fatty acid intake is adequate. 
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Abstract 

Objective: We evaluated the direct effects of long-term blockade of ET A and ET B receptors using a mixed endothelin (ET) receptor 
antagonist, LU224332, in the low density lipoprotein receptor (LDL-R) knockout mouse model of atherosclerosis. Methods: Four groups 
of LDL-R deficient mice were studied: control mice fed normal chow (group I); mice fed a high cholesterol (HC, 1.25%) diet alone 
(group II), HC fed animals treated with LU224332 (group III); and mice fed normal chow treated with the LU compound (group IV). All 
treatments were continued for 8 weeks at which time the animals were sacrificed and the aortae were removed and stained with oil red O. 
Atherosclerotic area (AA) was determined by quantitative morphometry and normalized relative to total aortic area (TA). Results: 
Cholesterol feeding resulted in a marked increased in total plasma cholesterol (-15 fold) and widespread aortic atherosclerosis (AA/TA: 
group 1: 0.013±0.007; group II: 0.33±0.11;P<0.001). Atherosclerotic lesions were characterized by immunohistochemistry as consisting 
mainly of macrophages which also showed high levels of ET-1 expression. Treatment with ET antagonist significantly reduced the 
development of atherosclerosis (AA/TA: group III: 0.19±0.07, P<0.01 vs. group II), without altering plasma cholesterol levels and 
blood pressure. The direct effect of LU224332 on macrophage activation and foam-cell formation was determined in vitro using a human 
macrophage cell line, THP-1. Treatment of the THP-1 cells with LU224332 significantly reduced cholesterol ester and triacylglycerol 
accumulation and foam-cell formation on exposure to oxidized LDL (P<0M and P<0.05, respectively). Conclusion: We conclude that a 
nonselective ET receptor antagonist substantially inhibited the development of atherosclerosis in a genetic model of hyperlipidemia, 
possibly by inhibiting macrophage foam-cell formation, suggesting a role for these agents in the treatment and prevention of 
atherosclerotic vascular disease. © 2000 Elsevier Science BY. All rights reserved. 

Keywords; Atherosclerosis; Cholesterol; Endothelins; Macrophages; Receptors 



1. Introduction 

Spontaneous mutations in the low-density lipoprotein 
receptor (LDL-R) gene result in severe hypercholesteremia 
and atherosclerosis in Watanabe rabbits and rhesus mon- 
keys [1], and represents the genetic basis of familial 
hypercholesteremia in humans [2]. Ishibashi et al. [3] have 
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produced LDL-R deficient mice by targeted disruption of 
this gene. On high cholesterol feeding these animals 
exhibited marked elevations in serum cholesterol-rich 
lipoprotein particles including very low density lipoprotein 
(VLDL), intermediate density lipoprotein (I.D.L) and LDL, 
associated with massive xanthomatosis and atherosclerosis 
in a manner similar to patients with familial hypercholes- 
terolemia [3]. 

Endothelial cells normally protect against many of the 
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initiating events in atherosclerosis by the production of 
vasodilator, antithrombotic and antiproliferative factors [4] 
such as nitric oxide (NO), which prevents adhesion of 
blood elements to the endothelium including platelets and 
monocytes, and inhibits migration and proliferation of 
medial smooth muscle cells (SMCs) [5,6]. Indeed, reduced 
endothelium-dependent dilation and decreased bioavail- 
ability of NO is an early feature of hyperlipidemia both in 
experimental models [4,7] and patients [8,9], which can be 
improved by administration of exogenous L-arginine, the 
substrate for NO generation by NO synthase (NOS) [10], 
Endothelial dysfunction is characterized not only by 
reduced release of vasodilator autacoids such as NO, but 
also by increased production of vasoconstrictor factors 
including endothelin-1 (ET-1) [11]. ET-1 is a 21-amino- 
acid peptide which, in addition to its powerful vasocon- 
strictor and hypertensive actions [12], has a number of 
other biological activities which are likely important in 
chronic vascular disorders. These include stimulation of 
cellular proliferation [13], synthesis of matrix proteins 
[14], and chemotactic effects on monocytes [15,16]. Sever- 
al indirect lines of evidence support a role for ET-1 in the 
development of atherosclerosis [17]. OxLDL results in 
increased ET-1 expression in cultured endothelial cells 
[18] and circulating ET-1 levels are elevated in patients 
with atherosclerosis [19]. More relevant, perhaps, are the 
observations of increased ET-1 expression in human 
atherosclerotic lesions [20,21], associated with complica- 
tions of atherosclerosis [22]. 

ET-1 transduces its biological effects through an inter- 
action with two specific receptors. ET A is selective for 
ET-1 and is found predominantly on target cells, such as 
vascular SMCs [23], and mediates the vasoconstrictor [24] 
and pro-proliferative actions of ET-1 [25]. In contrast, in 
the vessel wall ET B is found mostly on the endothelial cell, 
and mediates the release of NO and prostacyclin [26], 
which serves to counteract the direct effects of ET-1 on the 
underlying SMCs. However, ET B can also be found to a 
variable degree on SMCs [27,28] and has been described 
as the predominant receptor of a human monocyte /macro- 
phage cell line [29,30]. 

The use of selective ET A receptor blockers has been 
recently shown to reduce atherosclerosis [31,32] and 
improve endothelium-dependent vasodilation [32,33], pos- 
sibly by unmasking ET B -mediated NO production in 
response to endogenous ET-1. Whether the use of a mixed 
ET A and ET B antagonist, which would not be expected to 
increase vascular endothelial cell NO release, would 
produce a similar benefit is not certain. We hypothesized 
that a non-selective ET receptor blocker would reduce 
atherosclerosis in the LDL-R deficient mouse model by 
direct actions on SMCs and/ or macrophages, inhibiting the 
proatherogenic response to increased endogenous vascular 
ET-1 production. We now report that LU224332, a mixed 
ET A and ET B antagonist, substantially reduced athero- 
sclerosis in cholesterol-fed LDL-R deficient mice, and also 



inhibited the uptake of OxLDL by macrophages in vitro. 
These data provide strong evidence for a direct role of 
ET-i in atherogenesis. 



2. Methods 

2.1. Experimental protocol 

LDL-R deficient mice in the C57BL/6J background 
were purchased from Jackson Laboratory. Sixty male 
LDL-R deficient mice were entered into the study at 22 
weeks of age and were maintained on a 12-h-dark-12-h- 
light cycle with unrestricted access to food and water for 
the entire length of the experimental protocol. The use and 
care of LDL-R deficient mice was in accordance with the 
Canadian Council of Animal Care guidelines and was 
approved by the Animal Care and Ethics Committee of St. 
Michael's Hospital Animals were assigned to four ex- 
perimental groups (15 mice/group) as follows: (I) control 
(normal diet, no treatment); (II) high cholesterol (HC) diet 
without pharmacological intervention; (III) HC diet with 
ET antagonist treatment and (IV) ET antagonist treatment 
in mice receiving normal diet All mice received their 
specific treatment for a period of 8 weeks before being 
sacrificed. The ET antagonist treatment groups received 
LU224332 (10 mg/kg/day) in their drinking water. This 
compound (a generous gift of Dr. M. Kirchengast from 
Knoll, Ludwigshafen, Germany) has previously been 
shown to exhibit equal affinity for the ET A and ET B 
receptors (ET A : 3.5 and ET B : 7.2 nmol/1; ratio: 2.1) [34]. 
To insure appropriate dosage of the ET antagonist, water 
intake was monitored at regular intervals and the drug 
dilution was adjusted accordingly. No difference in food 
intake, drinking patterns, or body weight was noted 
between animals from each group (Table 1). The HC diet 
consisted of 1.25% cholesterol, 7.5% (w/w) cocoa butter, 
7.5% casein and 0.5% (w/w) sodium cholate. This chow 
preparation was shown in previous reports to promote 
atherogenesis [3]. After 8 weeks of treatment, mice were 
sacrificed and perfusion fixed with 10% formalin. The 
aorta were then dissected from the aortic valve to the iliac 
bifurcation and further fixed in 10% formalin overnight at 
4°C. 



Table 1 

Feeding behavior and body weight variations* 

Group 1 Group 1 1 Group 111 Group IV 



Food intake (g/day) 2.4±0.3 2.0±0.5 
Water intake (ml/day) 3.3±1.5 3.8±2.1 
Body weight (g) 28.7±2.7 29.6±3.1 



2.1±0.6 2.4+0.6 
3.5±1.8 3.2±1.6 
30.1 ±2.0 27.5 ±1.9 



' Values shown are mean±S.D. No difference was noted between any 
experimental groups for food intake, water intake or body weight 
measurements by the end of the experimental protocol when subjected to 
one-way ANOVA with post hoc student /-test 
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12. Quantification of xanthomatosis 

The degree of xanthomatosis was graded according to 
the following scale: facia! lesions: 0=none; l=rnild (snout 
only); 2=moderate (snout and eye lids); 3=severe (marked 
lesions); and limb swelling: 0=none; 1= mild/moderate 
(front paws only); and 2=severe (all four limbs). Addition 
of facial lesion and limb swelling grades represented the 
semiquantitative score. 

13. Morphometry and immunohistochemistry 

Aortae from each experimental group were opened 
longitudinally and stained with oil red O and a computer- 
assisted video imaging system was used to assess the 
extent of the atherosclerosis area (C-imaging analysis). For 
inimunohistochemistry, the aortae of four animals from 
each group were divided into three regions: aortic arch, 
thoracic and abdominal aorta. Paraffin sections (5 y,m) 
were cut from each region and endogenous peroxidase 
activity was quenched by 3% H 2 0 2 in methanol for 20 
min; nonspecific antibody binding was blocked with 10% 
goat serum in PBS for 30 min, and adjacent sections from 
each group were immunostained using the following 
antibodies: a polyclonal rabbit ET-l antibody (Peninsula 
Labs., Belmont, CA, USA) at 1:150 dilution overnight at 
4°C, and secondary reaction with goat anti-rabbit 
biotinylated antibody (1:250 dilution, Vector Labs. Burling- 
ame, USA) for 45 min at room temperature (RT); a 
polyclonal rat antibody to the mouse monocyte/macro- 
phage marker MOMA-2 (Serotec, Kidlington, Oxford, 
UK) at 1:100 dilution overnight at 4°C, and secondary 
—reaction with biotinylated rabbit anti-rat JgG (1:250 dilu- 
tion, Vector Laboratories) for 45 min at RT; a monoclonal 
mouse antibody to smooth muscle a-actin (Boehringer 
Manheim) at 1:100 dilution for 60 min at RT and 
secondary reaction with biotinylated anti-mouse IgG 
(1:150 dilution, Vector Laboratories) for 30 min at RT. 
Following incubation with the secondary antibodies, the 
sections were treated with streptavidin-biotin-peroxidase 
complexes (Vectastain ABC kit, Vector Labs.) for 30 min at 
RT. Diaminobenzadine was used as the peroxidase sub- 
strate and hematoxylin as the nuclear counterstain. Nega- 
tive control slides were prepared by substituting preim- 
mune serums for the primary antibody. 

2.4. Cholesterol measurements 

. Blood was extracted by cardiac ventricular puncture in 
five animals in groups I, II and IV, and six for group III at 
the time of sacrifice and centrifuged at 1500 rpm for 10 
min for plasma separation and collection. Total cholesterol 
was measured with an enzymatic cholesterol assay in a 
colorimetric procedure on a Technicon RA1000 (Bayer, 
Tarrytown, NY, USA). 



2.5. Blood pressure measurements 

In a separate experimental series, fifteen animals (five 
control; five HC-fed and five treated with the LU com- 
pound)' were anaesthetized with an intraperitoneal injection 
of a mixture of xylazine (5 mg/kg, Bayer) and ketamine 
(50 mg/kg, Wyeth-Ayerst Canada) after 2 weeks of the 
representative treatments. A catheter constructed of 
stretched PE200 tubing (Becton Dickinson) was filled with 
50 U/ml heparin in saline and was inserted into the right 
common carotid artery. Pulsatile blood pressure was 
measured using a CDXIII pressure transducer (COBE 
Canada) and recorded on the Biopac MP100 data acquisi- 
tion system with acknowledge software (Biopac Systems). 
Animals were allowed to stabilize for 20 min after the 
onset of anesthesia, and then mean arterial pressure was 
registered continuously for 10 min and mean values were 
determined. 

2.6. LU224332 concentrations in mouse plasma 

Plasma levels of LU224332 were measured with a 
radioreceptor assay as previously described [35]. Briefly, 
0.1 ml of plasma obtained from cardiac puncture-blood 
samples from animals receiving (n=7) or not receiving 
(n =6) the LU compound was mixed with 1 ml of 
methanol, thoroughly vortexed, and centrifuged for 15 min 
at 2800 g. The supernatant was evaporated under a stream 
of air. The dry residue was reconstituted in 150 u.1 of the 
binding buffer. The reaction was carried out at RT in a 
total volume of 200 jil; 50 |xl of the radioligand ( l2 I-ET1, 
« 10 000 cpm per tube) was mixed with 50 \l\ of the 
sample. The reaction was started by addition of 100 \il of 
porcine" aortic membranes (5-7 \ig protein/ tube). It was 
terminated after 3 h by addition of 1 ml of ice-cold 5 g/1 
BSA in PBS, pH 7.4, followed immediately by a rapid 
centrifugation (3 min at 13 000 g). The supernatant was 
carefully aspirated, and the radioactivity of pellets was 
counted in an automated gamma-counter. The standard 
curves, constructed with 18.75 to 1200 nM of LU224332 
added to normal rat plasma were linear within this range. 

2.7. Cell culture 

THP-1 monocyte/macrophage cell line was obtained 
from the American Type Tissue Culture Collection (TIB 
202) and were propagated in RPMI 1640 with 10% FCS, 
penicillin/streptomycin (100 U/ml) at 37°C, 5% C0 2 . 
Cells were plated at a density of 1X10 6 cells/ml in 10% 
FCS medium containing phorbol myristate acetate (10 
M) for 72 h to induce differentiation into macrophages, 
and washed extensively with serum-free RPMI medium 
prior to incubation with or without lipoproteins as indi- 
cated for each experiment. In all experiments, cell viability 
exceeded 90% as determined by trypan blue exclusion. 
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2.8. Lipoprotein isolation and oxidation 

LDL (1.019-1.069 g/ml) was obtained by density 
gradient ultracentrifugation [36] from plasma of fasted 
normolipidemic individuals. LDL (2 mg protein/ml) was 
subsequently dialyzed against 0.1 M phosphate buffer, pH 
7.4, containing 0.1 mM EDTA for 24 h (three buffer 
changes). LDL samples were sterilized by passing through 
an 0.22-|i«i filter (Millipore, Milford, MA, USA), kept at 
4°C, and used within 1 week. Lipoprotein concentration 
was' determined by the method of Lowry et aL [37] and 
expressed as mg/ml. Oxidation of LDL (5 mg protein/5 
ml) was performed by dialysis against 5 u,M CuS0 4 -5H 2 0 
in 0.1 M phosphate buffer, pH 7.4, for 12 h at ZTC in the 
dark. 

2.9. Cellular cholesterol and triacylgfycerol 
accumulation 

THP-1 cells were incubated for 24 h with 100 p,g/ml 
native or oxidized LDL (OxLDL) in the presence or 
absence of 10" 7 M LU224332. After incubation the cells 
were washed once with ice cold PBS containing 0.4% BSA 
and twice with PBS alone. Cells were scraped from the 
culture flask into PBS and sonicated. The cellular lipids 
were extracted with chloroform-methanol (2:1, v/v). The 
lipid extract was digested with phospholipase C {Clos- 
tridium welchii; Sigma) as previously described [38]. The 
reaction mixture was extracted with chloroform-methanol 
(2:1, v/v) containing 100 p-g tridecanoyglycerol as internal 
standard. The lipid extracts were then reacted for 30 min at 
20°C with Sylon BFT (Sigma) plus one part dry pyridine. 
This procedure converts the free fatty acids into silyl esters 
and the free sterols, diacylglycerols and ceramides into 
silyl ethers, leaving the cholesteryl esters and triacyl- 
glycerols unmodified. The free cholesterol, cholesterol 
esters and triacylglycerols were quantified using a non- 
polar capillary column as previously described [39]. 

2.10. Data analysis 

Statistical differences between groups were evaluated 
using the one-way ANO.VA test with post hoc student Most 
where appropriate. For semiquantitative scoring of xan- 
thoma, the statistical difference between groups was 
evaluated using the Mann-Whitney test Data are pre- 
sented as mean±S.D. unless otherwise indicated. A value 
of i > <0.05 was considered significant. 



3. Results 

Cholesterol-fed animals accumulated foam-cells along 
the inner curvature of the aortic arch and throughout the 
descending aortae, leading to the formation of fibro-fatty 
plaques at 8 weeks of treatment (Fig. lb, d and f). 



Histological examination revealed that the atherosclerotic 
plaques contained a necrotic core with cholesterol crystals 
covered by a thin fibrous cap. Occasional SMCs could be 
identified in the plaque area and fibrous cap by immuno- 
staining with an antibody against a-actin (Fig. lb), how- 
ever a-actin positive cells were mostly restricted to the 
medial layer of the aortae (Fig. la and b). Immunostaining 
with monocyte/macrophage specific antibody (MOMA-2) 
showed little or no staining in animals receiving normal 
chow (Fig. lc), whereas the majority of cells within the 
intimal lesion of HC fed animals were MOMA-2 positive 
(Fig Id). In animals receiving normal chow, ET-1 staining 
was restricted to endothelial cells (Fig. le), whereas ET-1 
was predominantly located to macrophage rich intimal 
aortic lesions of HC treated animals, consistent with 
previous reports [15,21] (Fig. If). 

The degree of xanthomatosis, derived using a semiquan- 
titative grading system, is presented in Fig. 2A. In LDL-R 
knockout mice fed a normal chow for 8 weeks (Fig. 2, 
group I), no xanthomatous lesions were observed. In 
contrast, in the cholesterol-fed LDL-R deficient mice 
(group II) xanthomatous lesions of the face, ventral surface 
of the trunk and swelling of the extremities began to 
appear at 6 weeks and were present in all animals by 8 
weeks [xanthomatosis score (XS) of 4.0±0.6 
(median±S.D.) Fig. 2]. In the cholesterol-fed LDL-R. 
deficient mice treated with ET antagonist (group Ul), 
significantly fewer xanthomatous lesions were apparent in 
at 8 weeks [XS: 1.5±0.5 (median±S.D.) Fig. 2]. LDL-R 
deficient mice fed 125% cholesterol were severely hy- 
perlipidemic with mean plasma cholesterol levels 15-fold 
higher than normal chow-fed animals (group I: 4.8±0.6 
mM vs. group H: 65.6±6.5 mM; i><0.001). Treatment of 
cholesterol-fed LDL-R deficient mice with the ET antago- 
nist did not alter plasma lipid levels (group III: 66.6±5.1 
mM) (Fig. 2B). As well, arterial blood pressure was not 
significantly different in animals fed normal or HC diets 
(78±7 and 78±3 mmHg, respectively), either with or 
without treatment with the ET antagonist for 15 days 
(74±7 and 78±3 mmHg, respectively) (five animals in 
each group). These results are consistent with previous 
reports using endothelin antagonist in mice [32] and other 
normotensive animal models [40]. Treatment with 
LU224332 (10 mg/kg/day for 2 weeks) resulted in 
measurable plasma levels of the ET antagonist (708±357 
nmol/1), which was well in excess of the K t for both ET 
receptors (see Methods). 

The extent of aortic lipid deposition was visualised by 
oil red O staining (Fig. 3A) and quantified by computer 
assisted morphometry (Fig. 3B). Extensive atherosclerosis 
was seen in the HC diet group (group II), whereas only 
minimal lipid deposition was found in animals receiving 
normal mouse chow mainly at the bifurcations of great 
vessels (group I). LU224332 treatment (group III) sig- 
nificantly reduced the extent of atherosclerotic involvement 
in the aortae by almost 45% (Fig. 3B, F<0.01). 
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conL slides were prepared by substituting preimmune rabbit serum for the primary antibody » a sect.on from group II (g). 



In order to study the direct effect of endothelin receptor 
blockade on macrophage lipid accumulation, THP-1 
human macrophages were incubated with 100 ^g/ml of 
native LDL (nLDL) or Ox LDL, in the presence or absence 
of LU224332 (10~ 7 M). After 24 h, cellular cholesteryl 
ester (CE) and triacylglycerol (TG) were quantified as 
described in Methods. Treatment of cells with Ox LDL 



resulted in 3-fold increase in CE and TG levels compared 
to nLDL alone (P<0.01 and P<0.05, respectively; Fig. 
4A). The addition of LU224332 completely prevented 
macrophage CE and reduced TG deposition induced by Ox 
LDL (/><0.01 and P«).05, respectively; Fig. 4B), reduc- 
ing macrophage lipid accumulation to levels not different 
from nLDL alone. 
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groups I, II and III arc shown in (B). 



4. Discussion 

The results of the present study demonstrate an im- 
portant anti-atherosclerotic effect of a non-selective ET 
receptor antagonist in a model of homozygous familial 
hypercholesterolemia, the LDL receptor (LDL-R) deficient 
mouse. In addition to preventing atherosclerosis, treatment 
with the ET antagonist significantly reduced xanthoma 
formation without affecting total cholesterol levels or 
arterial pressure. These results support the hypothesis that 
the ET system contributes directly to the pathogenesis of 
atherosclerosis and that ET blockers may have therapeutic 
utility in the treatment of this vascular disorder. 



In the vessel wall, the ET A receptor is located primarily 
on SMCs, whereas the ET B subtype is found mainly on the 
endothelial layer, infiltrating macrophages [29] and to a 
variable extent SMCs [28]. Although ET A may mediate 
many of the effects of ET-1 that are likely relevant to 
atherosclerosis, the presence of the ET B receptors on 
macrophages and its up regulation on SMCs of vascular 
lesions [27], suggest that this receptor subtype may 
contribute importantly to the pathogenesis of atherosclero- 
sis as well. In fact, a recent report has suggested that 
accumulation of foamy macrophages and T lymphocytes in 
the fibrous plaque may modulate the switching of ET 
receptor subtypes from ET A to ET B in SMCs [41]. 
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Cultured rat peritoneal macrophages have been described 
to express nearly exclusively ET B receptors [42] whereas 
both ET A and ET B receptors have been demonstrated by in 
situ hybridization on macrophages in the early inflamma- 
tory intimal lesion of hyperlipidemic hamsters [31]. 

In contrast, stimulation of ET B receptors on the endo- 
thelial cells releases vasodilators, such as NO, which may 
protect against atherosclerosis [43]. Kowala et ah [31] 
previously reported that an ET A selective antagonist re- 



duced fatty-streak formation in a hamster model of early 
atherosclerosis. However, to some extent this effect might 
have been due to a lipid lowering action of certain ET 
antagonists [31,44]. Recently, Barton et al. [32] reported 
that another ET A selective antagonist reduced atherosclero- 
sis in the apoE-deficient mouse model of atherosclerosis, 
further supporting an important role for ET-1 in this 
disease. This was associated with a marked improvement 
in endothelium-dependent dilation and increased nitrate/ 
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Fig. 4. Mean va!ues±S.D. («=4) for cellular cholesterol ester (CE; A) 
and triacylglycerol (TG; B) accumulation in THP-1 cell line in presence 
of nLDL or OxLDL with or without LU224332 for 24 h. LU224332 
prevented CE and TG uptake induced by OxLDL (/><0.01 and /><0.05, 
respectively). 



nitrite levels in the blood [32], likely as a result of 
selective ET A blockade which spares the endothelial ET B 
receptor. Therefore, it is possible that an increase in 
endothelial NO production may have contributed indirectly 
to the anti-atherogenic effects of ET A blockade in these 
studies. It is well established that other strategies to 
increase endothelial NO release, i.e. L-arginine supple- 
mentation [45,46], and angiotensin converting enzyme 
inhibition [47,48] reduce atherosclerosis in a variety of 
animal models. In the present study a balanced ET A and 
ET B receptor antagonist was used, which would not be 
expected to favorably alter the balance of endothelial 
versus smooth muscle ET receptor activation. Indeed, it 
could be argued that blockade of endothelial ET B receptor 
with this compound would be counterproductive and could 
reduce the overall beneficial effect of the ET antagonist in 
atherosclerotic models. Nonetheless, a marked reduction in 
atherosclerosis and xanthomatosis was seen with 
LU224332 in the absence of any changes in plasma lipids, 
which may be ascribed to direct effects of ET-1 on the 
cellular events leading to the initiating and/or progression 
of atherosclerosis. However, we cannot exclude the possi- 
bility that mixed ET blockade may have resulted in 



improvement in endothelial function by an indirect mecha- 
nism. Increased NO production has been previously re- 
ported with both selective and non-selective ET antago- 
nists in the rat Langerdorff heart model [49], possibly due 
to increased coronary flow and therefore intimal shear 
forces [49]. 

In addition to its potent vasoconstrictor effects, ET-1 has 
a number of biological activities, which might contribute 
directly to the morphological changes characteristic of 
atherosclerosis. Endothelin-1 is a co-mitogen for vascular 
SMCs [13], and can act in concert with other well-char- 
acterized growth factors, such as PDGF, which are 
believed to initiate and maintain cell proliferation in the 
atheromatous [17]. ET-1 is also a powerful stimulus for 
secretion of collagen [14] and other matrix components 
which represent a major constituent of the atherosclerotic 
lesion. Therefore the inhibition of ET-1 action on 
atheromatous SMCs may be critical in the anti-atheros- 
clerotic effects of LU224332. As well, ET-1 may also 
contribute to the recruitment of monocytes into the de- 
veloping intimal lesion either directly [15] or indirectly by 
increasing MCP-1 [16]. Macrophages play a key role in the 
pathogenesis of atherosclerosis [30]. The marked up-regu- 
lation of expression of ET-1 in macrophages seen in this 
and other studies also suggest that this peptide may 
contribute to chronic inflammatory changes in this disease. 

ET-1 has been shown to increase the release of in- 
flammatory cytokines from macrophages [50,51]. In turn, 
cytokines such as TNFa, IL-1 and IL-6 have been shown 
to increase ET-1 production by macrophages [52]. Thus 
ET-1 may serve to amplify and sustain macrophage 
activation in the developing atheromatous [51]. Interrup- 
tion of this positive feedback pathway is a potential 
mechanism by which ET receptor antagonists may reduce 
the progression of atherosclerosis in addition to its effects 
on SMC proliferation and matrix secretion. In support of 
this, a marked decrease in xanthomas formation, a non- 
vascular lesion which is dependent on macrophage activa- 
tion [3] was also observed in LDL-R deficient mice treated 
with the ET antagonist. Further evidence in favor of a 
direct effect of ET-1 on macrophage foam-cell formation 
was provided by in vitro studies using the human THP-1 
monocyte-macrophage cell line. These cells differentiate 
into macrophages on exposure to phorbol ester, in which 
state they have previously been characterized to express 
predominantly the ET B receptor [29]. The ability of the 
LU224332 compound to largely prevent cholesterol ester 
and triacylglycerol accumulation in these cells on exposure 
to Ox LDL is consistent with a crucial role for endogenous 
ET-1 in macrophage activation and foam-cell formation. 

In summary, nonselective inhibition of ET receptors 
with LU224332 reduced atherosclerosis and xanthomatosis 
independently of any change in lipid levels. Prominent 
ET-1 expression in macrophage-rich atherosclerotic lesions 
observed in vivo, together with the ability of the ET 
receptor antagonist to directly reduce macrophage lipid 
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accumulation in vitro, point to a role for ET-1 in foam-cell 
formation. Thus, antagonism of the ET system may 
provide a new pharmacological approach to reduce the 
vessel wall response to chronic injury induced by hy- 
perlipemia, and thereby inhibit intimal lesion formation 
and progression of atherosclerosis. 
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Abstract 



Non-selective inhibition of cyclooxygenase (COX) has been reported to reduce atherosclerosis in both rabbit and murine model* U 
PA) on the development of different stages of atherosclerotic lesion formation in female apoE mice. ^ which is _ tugniy 

proxima. aorta in apoE"'" mice heated from 1 1 to 21 weeks of age .with . INDO-PA, yetj^re wa, a 
Tig ^6%) SiSon in lesion si£ by en face analysis in these mice. TTese studies demonsttate the abihty of ^-selective XOX 
Son with SlDO-PA to reduce early to intermediate atherosclerotic lesion formation in apoE mice, supporting a role for ant,- 

inflammatory approaches in the prevention of atherosclerosis. 
© 2005 Elsevier Inc. All rights reserved. 
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1. Introduction 

Atherosclerosis has features of an inflammatory disease 
and is the leading cause of death in industrialized nations 
[1]. Cyclooxygenase (COX) plays a key role as an inflam- 
matory mediator in virtually all diseases involving inflam- 
mation [2]. COX exists as two isoforms, which are coded 
for by two separate genes [2,3], COX-1 is found in most 
tissues and mediates normal physiology requiring prosta- 
glandin production. COX-2 is induced rapidly at sites of 
inflammation and is expressed in atherosclerotic lesions of 

* Corresponding author. Tel.: +1 615 936 1656; fax: +1 615 936 1872. 

E-mail address: macrae.linton@vanderbilt.edu (M.F. Linton). 
1 These authors have contributed equally to this work. 
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humans [4,5], and mice [6] by macrophages, smooth 
muscle cells and endothelial cells. 

Eicosanoids produced by COX-1 and COX-2 have been 
ascribed a variety of functions in the promotion of cardio- 
vascular health and disease. The beneficial effect of low dose 
aspirin in reducing cardiovascular events has been largely 
attributed to inhibition of platelet thromoxbane production, 
a COX-1 mediated process [7]. In contrast, COX-2 has been 
proposed to play both beneficial and deleterious roles in 
cardiovascular health [8-11]. Recent evidence from the 
Adenomatous Polyp Prevention on Vioxx (APPROVe) trial 
indicating that selective COX-2 inhibition with rofecoxib 
results in increased cardiovascular events after 18 months 
compared to placebo has resulted in removal of rofecoxib 
from the market (www.vioxx.com). Yet studies in animal 
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models and humans support roles for COX-2 in promoting 
endothelial dysfunction [12], early atherosclerotic lesion 
formation [6] and plaque instability [13,14]. The dramatic 
removal of rofecoxib from the market highlights our need for 
a better understanding of the roles of COX-1 and COX-2 in 
atherosclerosis, plaque rupture, and cardiovascular events. 

Non-selective inhibition of COX has been reported to 
reduce atherosclerosis both in cholesterol fed rabbit mod- 
els [15] and genetically altered murine models of athero- 
sclerosis [6,16]. Belton et al. have reported that selective 
inhibition of COX-1 attenuates atherosclerosis in apoE 
deficient mice [9]. However, reports on the impact of 
selective COX-2 inhibition on the development of athero- 
sclerosis in murine models have been mixed with 
decreased, increased or unchanged atherosclerotic lesion 
area [6,16-19]. The divergence in the results may be the 
consequence of differences in experimental design, includ- 
ing efficacy and selectivity of the inhibitors, gender of the 
mice and stage of atherosclerotic lesions. 

A new class of COX-2 selective inhibitors has been 
developed by derivatization of the conventional non-ster- 
oidal anti-inflammatory drugs (NSAlDs) indomethacin, 
resulting in > 1100 times more selectivity for COX-2 than 
COX-1 when tested in vitro [20]. In the current studies, we 
examined the impact of this novel amide derivative of 
indomethacin, designated INDO-PA, on the development 
of different stages of atherosclerosis in apoE mice. 
Interestingly, LNDO-PA was found to produce a 61% 
reduction in platelet thromboxane, indicating partial inhi- 
bition of COX-1 in vivo. Treatment of apoE" mice with 
INDO-PA dramatically reduced aortic prostaglandin levels 
and early and intermediate aortic atherosclerotic lesion 
formation. These studies demonstrate the ability of non- 
selective COX inhibition with INDO-PA to reduce early 
and intermediate atherosclerotic lesion formation in 
apoE - ' - mice, supporting the efficacy of anti-inflamma- 
tory approaches in the prevention of atherosclerosis. 



2. Methods 

2.1. Animal procedures 

Female apoE"' - mice were at the 10th backcross into the 
C57BL/6 background and originally purchased from Jack- 
son Laboratories (Bar Harbor, ME). Mice were maintained 
on a rodent chow diet containing 4.5% fat (PMI No. 5010, 
St. Louis, MO) and autoclaved acidified (pH 2.8) water. 
Animal care and experimental procedures were carried out 
in accordance with the regulations and under the approval of 
Vanderbilt University's Animal Care Committee. 

2.2. COX inhibition 

The dose of INDO-PA used in our study was chosen 
based on oral dosing in acute studies of carageenan- 



induced footpad edema plethysmometry in rats in which 
the oral ED 50 for this assay in rats is 1.5mg/kg [20]. 
Treatment of apcE"'" mice with 5 rog/kg INDO-PA intra- 
peritoneal (IP; 3.33-fold over ED50 in rate) was well- 
tolerated and did not produce any gastric ulceration and 
toxicity even at a dose of 30 mg/kg of INDO-PA (data not 
shown). In contrast, apoE' 7 " mice were able to tolerate 
daily doses of 2.5-mg/kg indomethacin by the IP route but 
higher doses (3 mg/kg) of it resulted in gastrointestinal 
hemorrhage with 100% mortality by 1 week (data not 
shown). Drugs were administered daily based on the body 
weight by IP injection (100 u.1) in a sterile mixture of 1% 
DMSO, 5% ethanol, 5% Tween-80 and 89% PBS 

2.3. Serum cholesterol and triglyceride analysis 

Mice were fasted for 4 h and blood was collected under 
isoflurane anesthesia. Serum was separated by centrifuga- 
tion and lipoprotein integrity was preserved by using 1 mM 
phenylmethylsulfonyl fluoride (Sigma). The concentration 
of total cholesterol and triglycerides was determined using 
Sigma kits adapted for 96-welI plate assay as described [21]. 

2.4. Platelet thromboxane level measurement 

Nine-week-old apoE - '" mice were given vehicle 
(„ = 10) or 5 mg/kg INDO-PA (n = 9) for 1 week. Ninety 
minutes after the final injection, blood samples were 
collected in the presence of 25 units of heparin sodium 
(Sigma) and 1.25 u,l 10 jjlM A23187 Ca~ ionophore 
(Calbiochem). Blood was placed in a 37 °C water bath 
for 30min. Plasma was isolated by centrifugation at 
HOOrpm for lOmin at 4°C. Platelet thromboxane A 2 
metabolite, thromboxane B 2 (TxBx) was quantified by gas 
chromatography/mass spectrometry (GC/MS) as described 
[22]. 

2.5. Aortic prostaglandin levels analysis 

Seven-week-old apoE _/_ mice were given daily vehicle 
(n = 4) or 5 mg/kg INDO-PA (« = 5) for 9 weeks. Ninety 
minutes after the last dose administration, mice were 
sacrificed by cervical dislocation. Aortas were dissected 
free of adjacent adventitial tissue and snap-frozen in liquid 
nitrogen. Prostacyclin metabolite 6-keto PGF ia and PGEa 
were purified as described and quantified by GC/MS by the 
Eicosanoid Analysis Core at Vanderbilt University [23]. 

2.6. Analysis of Aortic Lesions 

ApoE"' - mice were sacrificed and flushed with PBS 
through the left ventricle. The aorta was dissected and 
pinned out in an en face preparation as described pre- 
viously [24]. In the first experiment, a subset of the distal 
aortas (n = 3) in each group were snap-frozen in liquid 
nitrogen for prostaglandin determinations. The heart with 
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the proximal aorta was embedded in OCT and snap-frozen 
in liquid nitrogen. Fifteen alternate cryosections of 10-|xm 
thickness were collected from the proximal aorta starting 
from the beginning of the aortic sinus and extending 
300 distally as described [25]. The sections were 
stained with Oil-Red-0 and lesion area was quantified 
using a Kontron computer system [24]. 

2.7. Data analysis 

Data are expressed as mean ± S.E.M. Total serum cho- 
lesterol, triglycerides, PGE2, 6-keto PGF la , TxB 2 and 
aortic lesion areas between the groups were determined 
using the SigmaStat V.2 Software (SPSS Inc., Chicago, IL) 
by Student's Mest and the Mann-Whitney rank sum test, 
respectively. 



KCO. 




(B) CI 



3. Results 

5.7. INDO-PA inhibits platelet thromboxane 
production in apoET*' mice 

INDO-PA has been reported to be a highly selective 
COX-2 inhibitor in vitro [20]. The structures of indometha- 
cin and the amide derivative used in the treatments, INDO- 
PA, are shown in panels A and B of Fig. 1. 

To test the COX-2 selectivity of INDO-PA, we measured 
platelet thromboxane production in apoE~'~ deficient mice 
(Fig. 1C). Surprisingly, INDO-PA inhibited platelet throm- 
boxane A 2 metabolite TxB 2 production by 61% compared 
to vehicle (25.7 ± 3.0 ng/ml versus 65.9 ± 2.4 ng/ml, 
respectively; p = 0.001). Thus, in contrast to its behavior 
in vitro, INDO-PA significantly inhibited COX-1 expres- 
sion in apoE~'~ mice in vivo. 

3.2. INDO-PA does not affect plasma lipid levels 
in apoE~ ; ~ mice 

To examine the impact of treatment with INDO-PA on 
lipid metabolism and atherosclerosis, three independent 
studies were designed to allow the development of fatty 
streak, intermediate and advanced atherosclerotic lesions 
in female apoE~'~ mice. These mice were treated for 
different periods; from ages 7 to 16 weeks, from 9 to 18 
weeks and from 11 to 21 weeks. However, serum lipids 
remained unchanged throughout the course of treatment in 
all three studies (Tables 1-3). 
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Fig. 1. Inhibition of Ca 2+ ionophore stimulated platelet thromboxane 
production: (A) chemical structure of indomethacin, (B) chemical structure 
of indomcthacin amide derivative INDO-PA and (O ApoE mice were 
given vehicle (clear bar) or INDO-PA (hatched bar) for a week. Blood was 
coUected and stimulated using A23187 Ca 2+ ionopbore. Platelet production 
of the thromboxane metabolite TxB 2 was analyzed by GC/MS. 

3 J. INDO-PA reduces atherosclerosis in 
apoET^ mice 

Treatment of 7-week-old apoE~'~ mice with INDO-PA 
for 16 weeks significantly reduced atherosclerotic lesion 
formation in the proximal aorta by 44% (29620 ± 
4148 \im 2 versus 52525 ± 6007 fim 2 ; p = 0.013) and by 
47% in the en face analysis of the aortas (0.43 ± 0.04% 
versus 0.81 ± 0.08%; p = 0.033) compared to mice treated 
with vehicle, respectively (Fig. 2A and B). Representative 
Oil-Red-O stained sections from the proximal aorta of 
mice treated with vehicle (Fig. 3A) or INDO-PA (Fig. 3B) 
indicate fatty streak lesions consisting predominantly of 
foam cells. 



Table 1 



Serum lipid levels in apoE"'- mice treated with vehicle or INDO-PA from 7 to 16 weeks of age 



Animal group 



Baseline 



6 weeks 



Choi. 



Trig). 



Choi. 



Vehicle (n = 10) 
INDO-PA (n = 10) 



320 ± 13 
333 ± 16 



55 ±3 
54 ±6 



276 ± 10 
260 ±6 



Trig. 



62 ±2 
69 ±3 



10 weeks 



Choi. 



311 ±9 
322 ±6 



Trig. 



69 ±5 
72 ±4 



Values arc in mgftfl (mean ± S.E.M.). The number of animals in each group is indicated by n. 
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Fig 2 Reduced alherosclerosis in apoE"- mice treated with INDO-PA from 7 to 16 weeks of age. (A)The extent of ^^^^ 
aSr tre^erTwith vehicle (open cycles) or INDO-PA (filled circles) was quantified using Oil-Red-0 stained secUons Values are in >un with honzontal bar 

rfpres^ 

represented as the percent of lesion area for each mouse and the horizontal bar represents the mean for each group. 

lesions in the proximal aorta in the vehicle group (Fig. 3C) 
and INDO-PA treated group (Fig. 3D) 



Table 2 

Serum lipid levels in apoE 



" mice treated with vehicle or INDO-PA from 9 



to 19 weeks of age 


Animal group 


2 weeks 




9 weeks 




Choi. 


Trig. 


Choi. 


Trig. 


Vehicle (n= 13) 
INDO-PA (n = 10) 


352 ±24 
343 ±9 


101 ±8 
110 ± 5 


396 ± 30 
408 ± 27 


72 ±5 
89 ±6 



In contrast, treatment of 11 -week-old apoE ' mice 
with INDO-PA for 10 weeks produced only a trend for 
a 19% (p = 0.38) reduction in the extent of atherosclerosis 
in the proximal aorta that did not achieve statistical sig- 
nificance compared to mice treated with vehicle (Fig. 6A). 
The atherosclerotic lesions in the proximal aortas of these 
mice were intermediate to advanced in stage both in the 
vehicle-treated (Fig. 3E) and INDO-PA-treated mice 
(Fig. 3F) with evidence of connective tissue. Interestingly, 
there was a dramatic 76% reduction (Fig. 6B) in the en face 
analysis of the extent of aortic atherosclerosis in the apoE" 
* mice treated with INDO-PA compared to the vehicle- 
treated group (0.61 ± 0.18% versus 2.5 ± 0.39%, respec- 
tively; p = 0.022). 



is indicated by n. 

To examine the impact of INDO-PA on the production of 
two aortic prostaglandins, PGE2 and PGI^ apoE ' mice 
were treated with INDO-PA or vehicle for 9 weeks. As 
shown in Fig. 4, INDO-PA inhibited production of PGE2 by 
88% compared to vehicle (5.13 ± 1.01 ng/mg versus 
43.79 ± 14.31 ng/mg tissue, respectively; p = 0.001). 
INDO-PA also inhibited production of the PGI 2 metabolite 
by 87% compared to vehicle (29.13 ± 9.21 ng/mg versus 
229.22 ± 61.98 ng/mg tissue, respectively; p = 0.002). 

In the next study, INDO-PA treatment of 9-week-old 
apoE~'~ mice for 9 weeks significantly reduced athero- 
sclerosis by 53% in the proximal aorta (60997 ± 12280 
jxm 2 versus 129808 ± 18926 ^m 2 ; p = 0.023; Fig. 5A) and 
by 64% in the en face analysis of the aorta (0.40 ± 0.05% 
versus 1.12 ± 0.22%; p = 0.021; Fig. 5B) compared to the 
vehicle treatment group. The atherosclerotic lesions in 
these mice consisted of both fatty streaks and intermediate 



4. Discussion 

We examined the impact of a novel amide derivative of 
indomethacin, INDO-PA, on the development of athero- 
sclerosis in female apoE~'~ mice. Although INDO-PA is 
highly selective for COX-2 enzyme in vitro [20], we have 
found that INDO-PA inhibits platelet thromboxane in 
vivo. Treatment of apoE _/ ~mice with INDO-PA drama- 
tically reduced early to intermediate atherosclerotic 



Ser um 3 |ipid levels in apoE" 7 " mice treated with vehicle or INDO-PA from 11 to 21 weeks of age 
Baseline 2 weeks 



Animal group 



Choi. 



Trig. 



Choi. 



Trig. 



9 weeks 



Choi. 



Trig. 

89 ±3 
96 ±4 



Vehicle (rt = 9) 
INDO-P A (n = 9) 



292 ±9 
282 ± 16 



64±3 
58 ±5 



242 ± 15 
257 ±23 



98 ±6 
99±9 



271 ± 18 
306 ±29 



Values are in mg/dl (mean ± S.E.M.). The number of animals in each group is indicated by n. 
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and INDO-PA (F) from 7 to 16 weeks of age. 



lesion formation. In addition, INDO-PA inhibited PGE 2 
and PGI 2 metabolite production in the aorta by 88 and 
87%, respectively, demonstrating efficacy of the INDO- 
PA in inhibiting prostaglandins in the artery wall in vivo. 
Thus, non-selective inhibition of COX with INDO-PA 
reduces the development of atherosclerosis in apoE 
mice, supporting the potential for COX inhibition and 



anti-inflammatory approaches in the prevention of athero- 
sclerosis. 

Treatment with 5 mg/kg INDO-PA (3.33-fold over ED 50 
for oral dosing in rats [20]) was well-tolerated and did not 
produce gastric ulceration in apoE~'~ mice. In these mice 
at steady state of INDO-PA, we observed a significant but 
incomplete (61%) inhibition of platelet thromboxane pro- 
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Fig 4 Inhibition of prostaglandin production in aortic tissue of apoE 
mice ApoE-'- mice were given vehicle or INDO-PA beginning at 7 weeks 
of age for 9 weeks. Aortas were analyzed by GC/MS for PGE, and PGI 2 
metabolite 6-keto-PGFi«. 

duction indicating partial inhibition of platelet COX-1. 
Further studies in rats have verified that a small percentage 
of INDO-PA (5-10%) is converted into indomethacin in 
vivo (R.P. Remmel and LJ. Marnett, unpublished results). 
Although these data indicate that INDO-PA is only par- 
tially selective, previous data demonstrating that >90% 
inhibition of platelet thromboxane is required to inhibit 
platelet aggregation [26,27] suggests that inhibition of 
thromboxane-mediated-platelet aggregation is unlikely 
to have contributed significantly to the reduction in ather- 
osclerosis. Three decades ago, non-selective inhibition of 
COX was reported to reduce atherosclerosis in cholesterol 
fed rabbits [15]- We and others have shown that non- 
selective inhibition of COX with indomethacin associated 
with 90-95% reductions in platelet thromboxane reduces 



250000- 



^ 200000- 
E 

H 150000 



C 

o 
'w 
to 



100000 



50000' 



9 m 



o 

o 



T 

Vehicle • " , m g n=9 

mouse and ihe horizontal bar represents the mean for each group. 



early and intermediate atherosclerotic lesions in LDLR 
mice fed a western diet [6,16]. In contrast, Egan et al. have 
recently reported that treatment of 6-week-old western diet 
fed apoBec-l/LDLR DKO mice with indomethacin for 13 
weeks was associated with only a 70% reduction in platelet 
thromboxane and caused a 12.9% reduction in complex 
atherosclerotic lesions [28]. Thus, differences in these 
studies include the mouse model used, the extent of 
atherosclerosis and the efficacy of the indomethacin. Data 
with regard to the impact of aspirin on murine models have 
been conflicting, with a study by Cayatte et al. showing no 
effect [29] and studies in high-fat diet fed apoE [30] and 
LDLR"' - mice [31] demonstrating significant reductions 
in lesion formation. However, Cayette et al. reported that a 
thromboxane receptor antagonist, which inhibited serum 
thromboxane activity by only 39%, reduced atherosclero- 
sis in apoE-'" mice [29]. The authors interpreted these 
results as indicating that eicosanoids other than thrombox- 
ane are involved in promoting atherosclerosis. Recently, 
Belton et al. have reported that selective inhibition of 
COX-1, which reduced urinary 2,3-dinor-TxB 2 , by around 
50% reduced atherosclerotic lesion formation in apoE 
deficient mice [9]. Thus, it is possible that inhibition of 
thromboxane may have contributed to the reduction in 
atherosclerosis seen with INDO-PA by partially offsetting 
potentially negative effects of reducing prostacyclin. How- 
ever it is also possible that reductions of other eicosanoids 
due to inhibition of COX-1 and/or COX-2 may have 
contributed to the reduction in atherosclerosis. 

Reports on the impact of selective COX-2 inhibition on 
the development of atherosclerosis in murine models have 
been mixed indicating decreased, increased or unchanged 
atherosclerotic lesion area [6,16-19]. The differences in 
results of these studies may be explained by variability in 
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experimental design, including efficacy and selectivity of 
the inhibitors, gender of the mice and atherosclerotic lesion 
stage. We have previously reported that rofecoxib reduces 
early atherosclerotic lesion formation in LDLR mice 
[6J. Consistent with our results, Krul et al, have presented 
data that treatment of apoE -/ " mice with a selective COX- 
2 inhibitor, celecoxib, results in a significant reduction in 
aortic atherosclerosis [32], Using bone marrow transplan- 
tation studies, we have demonstrated that macrophage 
COX-2 expression promotes early atherosclerotic lesion 
formation in LDLR" /_ mice [6], providing genetic evi- 
dence consistent with COX-2 inhibition reducing early 
atherosclerotic lesion formation. In contrast, the ability 
of selective inhibition of COX-2 to impact atherogenesis 
appears to be limited in the setting of advanced athero- 
sclerotic lesions [9,17,18], perhaps due to LXR-mediated 
downregulation of COX-2 in macrophage-derived foam 
cells [33] and the inhibition of antiproliferative effects of 
COX-2 expression in smooth muscle cells [34]. Thus, the 
impact of COX-2 on atherosclerosis is complex and may 
vary according to the cell type and lesion stage. 

Our current results demonstrate that non-selective 
inhibition of COX with INDO-PA reduces the formation 
of early and intermediate atherosclerotic lesions in 
female apoE~'~ mice. Interestingly, we saw a non-sig- 
nificant trend for a reduction of atherosclerosis in the 
proximal aortas of apoE~'~ mice with advanced stage 
lesions, whereas the extent of atherosclerosis in the en 
face aortas was dramatically reduced by 76%. In murine 
models, atherosclerosis develops first in the proximal 
aorta and then progresses distally [24,25]. These results 
are reminiscent of the findings that treatment with the 
selective COX-2 inhibitor, nimesulide, produced a non- 
significant trend for a reduction in atherosclerosis in 



LDLR" /_ mice with intermediate stage lesions, whereas 
treatment with indomethacin produced a significant 
reduction in atherosclerosis [16]. Although INDO-PA 
partially inhibits COX-1, we believe that it is acting 
largely as a COX-2 inhibitor, given the relatively low 
rate of conversion to indomethacin in vivo, the incom- 
plete inhibition of platelet COX-1, and the much 
improved safety profile of INDO-PA compared to indo- 
methacin. These results suggest that as the disease pro- 
gresses from intermediate to advanced lesion stage, 
COX-2 inhibition appears to have less of an effect on 
modulating progression of atherosclerosis. Interestingly, 
INDO-PA virtually eliminated the progression of athero- 
sclerosis in the en face aortas, as can be seen by the 
similar lesion burdens in all three treatment groups. 

Although atherosclerosis is the pathological substrate 
underlying heart attack and stroke, plaque rupture and 
thrombosis are responsible for precipitating acute cardi- 
ovascular events. Mounting evidence supports the critical 
involvement of eicosanoids in the processes of. plaque 
rupture and thrombosis. Inhibition of COX-1 mediated 
production of platelet thromboxane by aspirin reduces the 
risk for myocardial infarction and stroke [7]. In contrast, 
rofecoxib, a highly selective COX-2 inhibitor, has 
recently been taken off the market due to evidence from 
the APPROVe trial demonstrating increased cardiovascu- 
lar events after 18 months (www.vioxx.com). The 
mechanism responsible for the increased cardiovascular 
events in patients on rofecoxib remains to be elucidated. 
Concerns have been raised that COX-2 inhibition may 
promote cardiovascular events by inhibiting prostacyclin 
and promoting a prothrombotic state [11]. However, the 
impact of a prothrombotic state might be expected to 
cause an increase in cardiovascular events sooner than the 
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18 months seen in the APPROVe trial, suggesting that 
other mechanisms may be responsible. 

Although three published studies have reported an 
increase in cardiovascular events in patients taking rofe- 
coxib, principally at doses >25 mg a day [10,35,36], 
other studies found no evidence for increased risk of 
cardiovascular events with rofecoxib [37,38] or celecoxib 
[39]. Several important questions remain to be answered. 
Is the increase in cardiovascular events seen with rofe- 
coxib a class effect that pertains to all other COX-2 
inhibitors? Does the presence of COX-1 inhibition in 
addition to COX-2 inhibition, as seen with non-selective 
COX inhibitors, eliminate this risk of increased cardio- 
vascular events due to chronic COX-2 inhibition alone? 
Recently, Pfizer has announced an increase in cardiovas- 
cular events associated with valdecoxib in patients in two 
small studies of patients undergoing coronary artery 
bypass grafting [19], and no increase in cardiovascular 
events based on clinical trial database of nearly 8000 
patients treated with valdecoxib for durations ranging 
from 6 to 52 weeks (http://www.pfizerxom/are/news„- 
releases/2004pr/mn_2004_101 5.html). Although our cur- 
rent studies do not address the issues of plaque rupture 
and thrombosis, our results support the ability of non- 
selective COX inhibition to reduce atherosclerosis. Thus, 
non-selective inhibition of COX has the potential to 
favorably impact atherosclerosis, plaque rupture and 
thrombosis. A better understanding of the complex roles 
of COX-1 and COX-2 in atherogenesis and plaque sta- 
bility may lead to new therapeutic approaches to the 
prevention of cardiovascular disease. 
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Simvastatin Reduces Neointimal Thickening in Low-Density 
Lipoprotein Receptor-Deficient Mice After Experimental 
Angioplasty Without Changing Plasma Lipids 

Zhiping Chen, MS; Tatsuya Fukutomi, MD; Alexandre C Zago, MD; Raila Ehlers, MD; 
Patricia A. Detmers, PhD; Samuel D. Wright, PhD; Campbell Rogers, MD; Daniel I. Simon, MD 

Background-SMins exert antiinflammatory and antiproliferative actions independent of cholesterol lowe^ To 
detennme whether these actions might affect neointimal formation, we mvestxgated the effect of simvastatm on | the 
response to experimental angioplasty in LDL receptor- deficient (LDLR ) nnce, a model of hypercholesterolemia in 
which changes in plasma lipids are not observed in response to simvastatin. 

Methods and Results-Carotid artery dilation (2.5 atm) and complete endothelial denudation were performed in ma e 
CsShJKT LDLR- mice treated with low-dose (2 mg/kg) or high-dose (20 mg/kg) simvastatm or vehicle 
subcutaneously 72 hours before and then daily after injury. After 7 and 28 days, intimal and medial sizes were measured 
and the intima to media area ratio (I:M) was calculated. Total plasma cholesterol and triglycende evels were similar 
in simvastatin- and vehicle-treated mice. Intimal thickening and I:M were reduced significantly by low- and hi^dose 
simvastatin compared with vehicle alone. Simvastatin treatment was associated with reduced cellular proliferation 
(BrdU), leukocyte accumulation (CD45), and platelet-derived growth factor-induced phosphorylation of the survival 
factor Akt and increased apoptosis after injury. . ~ * aui „ n h 

Conclusbns-^imvastztm modulates vascular repair after injury in the absence of hpid-lowenng effects. Although the 
mechanisms are not yet established, additional research may lead to new understanding of the actions of statins and 
novel therapeutic interventions for preventing restenosis. (Circulation. 2002;106:20-23.) 

Key Words: restenosis ■ statins ■ inflammation ■ apoptosis 



Statin drugs inhibit the enzyme 3-hydroxy-3-methyl- 
glutaryl coenzyme A (HMG-CoA) reductase, the first 
committed step of sterol synthesis, and lower plasma choles- 
terol levels. In targe clinical trials, statins have been shown to 
reduce coronary events in primary or secondary prevention 
settings. 1 Effects on clinical and angiographic restenosis after 
coronary intervention, however, have not been conclusively 
demonstrated. Several clinical studies have failed to demon- 
strate a link between statin therapy and the risk of restenosis 
after balloon angioplasty, 2 whereas more recent studies sug- 
gest that statins may reduce restenosis after stenting. 3 

Statins are known to have broad effects in addition to 
lowering plasma cholesterol. The product of HMG-CoA 
reductase, mevalonate, is an important precurs6r for many 
isoprenoids, thereby endowing statins with the ability to 
directly alter cellular events other than cholesterol synthesis. 
For example, the isoprenoids farnesylpyrophosphate and 
geranylgeranylpyrophosphate play important roles in signal 
transduction in cellular migration, proliferation, and survival 
via their attachment to critical signaling proteins, such as Ras 
and Rho. 4 



We used a hyperlipidemic model, the LDLR"'~ mouse, to 
test the antiinflammatory and antiproliferative actions of 
simvastatin on neointimal thickening after experimental an- 
gioplasty in an atherosclerotic background. An essential 
feature of the chosen model is that simvastatin does not affect 
plasma lipid levels in mice, allowing the study of effects of 
simvastatin distinct from cholesterol lowering. 

Methods 

Carotid Injury 

Male LDLR"'" C57BI76J mice (Jackson Laboratories, Bar Harbor, 
Me), maintained on a high-fat (20.1%) diet containing 1.25% 
cholesterol for 12 weeks after weaning, underwent unilateral carotid 
artery dilation (2.5 atm) and complete endothelial denudation. 5 
Animal care and procedures were reviewed and approved by Harvard 
Medical School Standing Committee on Animals and performed in 
accordance with the guidelines of the American Association for 
Accreditation of Laboratory Animal Care and the National Institutes 
of Health. 

Simvastatin Treatment 

Treatments were via subcutaneous injection 72 hours before and 
daily after injury. LDLR"'" mice were divided into 3 treatment 
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Quantitative Morphometry and Immunohistochemical Analysis ot Mouse Carotid Arteries 
After Injury 



Simvastatin 



Low 



High 



ANOVA 



Vehicle 
vs Low 



Vehicle 
vs High 



Cholesterol, 21 o\ mg/dL 
Triglyceride, 21 d, mg/dL 


856±89 
216±36 


922+167 
234+43 


1130+ 279 
223+44 


0.074 
0.751 


NS 
NS 


NS 

MO 

No 


Intimal area, mm 2 
7 d 
23 d 


0.010±0.004 
0.047±0.023 


0,006+0.004 
0,021+0.013 


0.006±0.004 
0.019±0.015 


0.320 
0.004 


NS 
0.011 


NS 
0.012 


Medial area, mm 2 

28 d 
l:M, 28 d 


0.078±0.015 
0.64±0.37 


0.063+0.014 
0.32+0.17 


0.074+0.031 
0.24+0.15 


0.299 
0.008 


NS 
0.036 


NS- 
0.012 


EEL, mm 2 
7d 
28 d 


0.1O4±0.O13 
0.223+0.032 


0.113+0.035 
0.191 ±0.040 


0.103+0.014 
0.192+0.053 


0.778 
0.184 


NS 
NS 


NS 

MO 

NS 


BrdU+ ceils, % 
Media, 7 d 
Intma, 28 d 


19.2+2.8 
4.6±1.8 


12.0+5.8 
1.7+0.5 


11.0+4.5 
1.9+0.8 


0.299 
0.0184 


NS 
0.042 


NS 
0.050 


CD45+ cells, % 
lntima,7d 
Intima, 28 d 


59.2+11.9 
34.4±3.6 


44.2+5.2 
24.3+2.2 


39.1+12.8 
20.9+8.0 


0.0429 
0.0120 


0.047 
0.026 


0.049 
0.025 


TUNEL+ ceils, % 
Intima, 7 d 
Media, 7 d 


3.5+1.1 
2.5+0.4 


6.9±3.3 
4.2+0.3 


9.2+4.2 
5.8±1.0 


0.0872 
0.0002 


0.193 
0.002 


0.039 
0.001 



groups: PBS vehicle (control group) or 2 mg/kg (low-dose) or 20 
mg/kg (high-dose) alkaline-hydroryzed simvastatin. 6 

Lipid Analysis 

Blood was collected via retro-orbital puncture into hepann-coated 
capillary tubes. Plasma cholesterol and triglyceride measurements 
were performed as reported- 7 

Tissue Harvesting and Analysis 

Carotid arteries were harvested and processed for quantitative 
morphometry 7 days (control, n=5; low-dose, n=5; high-dose, n-4) 
or 28 days (control, n=9; low-dose, n=10; high-dose, n=7) after 
vascular injury. 5 Standard avidin-biotin procedures for mouse leu- 
kocytes (CD45) and macrophages (Mac-3) (PharMingen, San Diego, 
Calif), BrdU (DAKO, Carpinteria, Calif), and smooth muscle cell 
(SMQ a-actin (DAKO) were used for immunohistochemistry. 
Apoptotic cells were detected by the TUNEL method using Apo Tag 
(Intergen). Immunostained sections were quantified as the number of 
immunostained-positive cells per total number of nuclei. 

Ex Vivo Akt Signaling Assay 

Aortas were harvested from all animals, opened longitudinally, and 
incubated with 30 ng/mL platelet-derived growth factor (PDGF)-BB 
(R&D Systems, Minneapolis, Minn) for 15 minutes at 37°C. Aortic 
lysates were prepared 8 and then subjected to Western analysis using 
antibodies to Akt and Phospho-Akt (Ser473) (Cell Signaling Tech- 
nology, Beverly, Mass). 

Data Analysis 

All data are presented as mean±SD. Statistical comparisons of the 
principal end points were performed using one-way ANOVA to 
determine a difference in mean values between the 3 groups, 
followed by / tests for the 3 pair-wise comparisons when the 
ANOVA false-positive rate was <5%. For ANOVA with a false- 



positive rate of >S%, the pair-wise comparisons were reported to be 
statistically nonsignificant (NS). For the primary study end point of 
intimal area 28 days after injury, a Bonferroni corrective for 3 
pair-wise comparisons was applied, in which the / test /><0.0167 
was used to signify a false-positive rate of 5%. 

Results 

Simvastatin Does Not Alter Plasma Lipids in 
LDLR" 7 " Mice 

We sought evidence that simvastatin modulates vascular 
repair independent of cholesterol lowering. To determine 
whether plasma cholesterol is unresponsive to simvastatin in 
LDLR"'~ mice, as it is in normal 9 and apoE-deficient 7 mice, 
we dosed LDLR"'" animals with 2 mg/kg simvastatin, 20 
mg/kg simvastatin, or vehicle control and measured plasma 
lipid levels. Simvastatin did not alter plasma cholesterol or 
triglyceride levels in LDLR"'" mice at either of the 2 doses 
tested (Table). 

Simvastatin Decreases Neointimal Thickening, 
Cellular Proliferation, and Leukocyte 
Accumulation After Carotid Injury 

Carotid artery dilation and complete endothelial denudation 
were performed in LDLR"'" mice treated with 2 or 20 mg/kg 
simvastatin or vehicle subcutaneously 72 hours before and 
then daily after injury until euthanasia. In mice receiving 
vehicle, intimal thickening began by 7 days after injury and 
progressed significantly between 7 days (0.010±0.004 mm 2 ) 
and 28 days (0.047±0.023 mm 2 ). Low- and high-dose sim- 
vastatin reduced intimal thickening at 28 days by 55% 
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(P=0.012) and 60% (P=0.01 1), respectively (Figure, panels 
A through F, Table). Medial area was unaffected by simva- 
statin treatment. I:M at 28 days in control mice was 
0.64±0.37 and was reduced 50% by low-dose (P=0.036) and 
62% by high-dose (P=0.012) simvastatin. Intimal and medial 
thickening were accompanied by progressive vessel enlarge- 
ment (ie, positive remodeling), as determined by external 
elastic lamina area measurements over time, which was 
comparable in vehicle- and simvastatin-treated mice. 

We assessed cellular proliferation by quantifying incorpo- 
ration of BrdU. Substantial proliferation was observed 7 days 
after injury in control vessels (19.2% of medial cells), and 
proliferation was still evident at 28 days (4.6% of intimal 
cells). Low- and high-dose simvastatin reduced medial pro- 
liferation at 7 days by 38% and 43%, respectively, and 
intimal proliferation at 28 days by 63% (/>= 0.042) and 59% 
(P=0.050) (Table). 

Immunohistochemistry was performed to identify the cel- 
lular components of the neointima 28 days after injury. In 
vehicle-treated animals, 48% of cells were SMCs (a-actin- 
positive) and 34% were monocytes or macrophages (CD45- 
and Mac3-positive). Altered leukocyte accumulation within 
vessels was observed in simvastatin-treated mice. Inflamma- 
tory cells (CD45-positive) invading the intima were reduced 



Photomicrographs of mouse carotid arteries 
after injury (A through H). VerHoeff elastin stain 
28 days after injury: vehicle (A); low-dose simva- 
statin (B); high-dose simvastatin (original magni- 
fication X38) (C); vehicle (D); low-dose simvasta- 
tin (E); and high-dose simvastatin (x150) (F). 
Neointima separates the internal elastic lamina 
(arrows) from the lumen. Appptotic (TUNEL- 
positive) cells 7 days after injury: vehicle (G); 
high-dose simvastatin (x150) (H). Simvastatin 
and Akt signaling (I). Aortae were harvested from 
mice treated with simvastatin or vehicle and 
incubated with PDGF-BB. Aortic lysates were 
immunoblotted sequentially using antibodies to 
Akt and Phospho-Akt (Ser473). 



by 25% to 34% (i > <0.05) at 7 days and 29% to 39% 
(/ > <0.03) at 28 days in simvastatin-treated compared with 
control mice. 

Simvastatin Increases Apoptosis 

Because statins prevent isoprenylation of Rho proteins and 
their translocation to the membrane fraction, and because 
there is increasing evidence that Rho activates signals that 
regulate apoptosis, 10 we investigated the effects of simvasta- 
tin on apoptosis after injury. Low- and high-dose simvastatin 
significantly increased the number of apoptotic (TUNEL- 
positive) cells in the intima (by 197% and 263%, respec- 
tively) and media (168% and 232%, respectively) at 7 days 
compared with control (Table, Figure, panels G and H). 

To identify a biochemical correlate of simvastatin action 
promoting apoptosis, we examined signaling of the survival 
factor, Akt, in arteries from mice treated with simvastatin. 
Injured carotid arteries are completely devoid of endothelium 
and lined with a platelet monolayer. 5 Therefore, we examined 
PDGF-induced phosphorylation and activation of Akt by 
Western blot analysis of aortic samples from mice treated 
with low- and high-dose simvastatin or vehicle for 7 days. 
PDGF-induced phosphorylation of Akt was impaired in the 
aortae of simvastatin-treated mice (Figure, panel I). 
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Discussion 

Our study provides definitive in vivo evidence that simvasta- 
tin inhibits neointimal thickening in a cholesterol- 
independent manner accompanied by reduced vascular in- 
flammation and proliferation and increased apoptosis. These 
results establish a role for statins in inhibiting neointimal 
formation after experimental angioplasty in a setting in which 
simvastatin did not alter plasma lipids. 

Restenosis is a complex cascade of wound-healing re- 
sponses to vascular injury, characterized by thrombosis, 
inflammation, cellular proliferation/migration, and extracel- 
lular matrix deposition. Increasing evidence suggests that 
antiinflammatory 7 and antiproliferative* 1 effects of statins 
play important roles in attenuating atherosclerosis, 1 - 7 trans- 
plant vasculopathy, 12 and restenosis. 3 Statins inhibit the 
synthesis of isoprenoid intermediates that are important lipid 
attachments for signaling proteins, including Ras and the Rho 
family of small GTP-binding proteins (eg, Rho, Rac, and 
Cdc42). 4 Rho is implicated in various biological functions 
relevant to vascular injury, including cellular migration, 
proliferation, and survival. 1013 Statins attenuate vascular 
SMC proliferation in vitro by decreasing Rho geranylgerany- 
lation and membrane localization and inhibiting Cdk 

activity. 11 ^ . , 

We provide biochemical evidence that PDGF-induced 
phosphorylation of Akt is inhibited in aortic tissue from 
simvastatin-treated mice.. Akt functions as an antiapoptotic 
protein, protecting against cell death induced by growth 
factor withdrawal or ischemia-reperfusion injury. 14 The ef- 
fects of statins on Akt signaling seem to be tissue-specific. 
Statins rapidly activate Akt signaling in endothelial cells, 
enhance phosphorylation of endothelial NO synthase, and 
inhibit apoptosis. 15 In contrast, statins impair Akt activation 
in SMCs," leading to diminished SMC proliferation and 
induction of apoptosis via effects on phosphatidylinositol-3 
kinase or Rho. 11 These divergent actions of statins on Akt 
activation in endothelial cells and SMCs may act in syn- 
chrony to diminish neointimal thickening after denuding 
injury. 

Prior clinical trials of statins after balloon angioplasty have 
failed to show a reduction in restenosis, 2 likely because of the 
predominant role of vascular remodeling rather than neointi- 
mal thickening in this setting.' 7 However, recent studies of 
statin use after stenting, with minimal remodeling and pro- 
found neointimal thickening,' 7 have suggested benefit 3 

Our results support the hypothesis that simvastatin has 
antiinflammatory, antiproliferative, and proapoptotic actions 
relevant to preventing restenosis. Although mechanisms are 
not yet established, additional research may lead to new 



understanding of the actions of statins, additional impetus for 
broad statin use after vascular intervention independent of 
lipid profile, and novel therapies for preventing restenosis. 
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TrogUtazone Inhibits Formation of Early Atherosclerotic 
Lesions in Diabetic and Nondiabetic Low Density 
Lipoprotein Receptor-Deficient Mice 

Alan R. Collins, Woerner P. Meehan, Ulrich Kintscher, Simon Jackson, Shu Wakino, Grace Noh, 

Wulf Palinski, Willa A. Hsueh, Ronald E. Law 

Abstract-**ox\some proliferator-activated receptor-y (PPARy) is a ligand-activated nuclear receptor expressed in all of 
the major cell types found in atherosclerotic lesions: monocytes/macrophages, endothelial cells, and 
cells. In vitro, PPXRy Hgands inhibit cell proliferation and migration, 2 processes cntical for vascular tanoo 
In contrast to these putative antiatherogenic activities, PPARy has been shown m vitrc » to ^upreguiate the GK6k^ 
receptor, which could promote foam cell formation. Thus, it is unclear what impact PPARy actuation wall have ov the 
Solent and progression of atherosclerosis. This issue is important because toazohdmed.ones, ^ " ^ 
for PP^y, have Lntiy been approved for the treatment of type 2 diabetes, a state of accelerated f 
report herein that the PPARy ligand, troglitazone, inhibited lesion formation in male low ^* 
receptor-deficient mice fed either a high-fat diet, which also induces type 2 diabetes or a 
Troglitazone decreased the accumulation of macrophages in intimal xanthomas, consistent with our in vitro obsem^ 
that troglitazone and another thiazolidinedione, rosiglitazone, inhibited 

transenSthelial migration of monocytes. Although troglitazone had some beneficial effects on metabolic <£ 
particular, a reduction of insulin levels in the diabetic model), none of the systemic car^ovascular nsk factors was 
consistency improved in either model. These observations suggest that the inhibition of early atherosclerotic lesion 
Nation by troglitazone may result, at least in part, from direct effects of PPARy activation in the artery wall 
(Arterioscler Thromb Vase Biol 2001;21:365-371.) 

Key Words:: atherosclerosis ■ diabetes mellitus ■ pharmacology 



Peroxisome proliferator-activated receptor-y (PPARy), a 
nuclear receptor, is expressed in all major cell types 
participating in vascular injury: endothelial cells (ECs), 
macrophages, and vascular smooth muscle cells (VSMCs). 1 - 6 
Activation of this receptor in vitro inhibits inflammatory 
processes, including cytokine production and expression of 
NO synthase. 2 In early clinical investigations, ligands of 
PPARy, such as thiazolidinediones (TZDs), have also been 
reported to improve endothelium-dependent vasodilation, 
suggesting that PPARy activation enhances NO production 
and protects against vascular injury. 7 * 8 Activation of PPARy 
also inhibits 2 other processes critical for vascular lesion 
formation, cell proliferation, and migration. 3 - 5 ' w ° In vivo, 2 
TZDs, troglitazone (TRO) and pioglitazone, significantly 
reduced arterial neointimal hyperplasia after endothelial in- 
jury in rats. 11 - 13 In such balloon-catheterized arteries, neoin- 
tima formation essentially reflects increased migration and 
proliferation of VSMCs, a major contributor to the growth of 
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atherosclerotic lesions. TRO also inhibited neointima forma- 
tion in stents placed in the coronary arteries of patients with 
type 2 diabetes. 14 

We and others have recently demonstrated that PPARy 
activation by TZDs and 15-deoxy-A l2 - M -prostaglandin J 2 
inhibits EC expression of vascular cell adhesion moleculerl, 
which mediates monocyte adherence to the endothelial sur- 
face. 415 Because inflammation, dysregulated growth, and 
migration of monocytes and VSMCs play an important role in 
the development of atherosclerosis, we hypothesized that. 
PPARy activation in cells of the vasculature would inhibit the 
atherosclerotic process. On the other hand, TZDs also stim- 
ulate conversion of macrophages into, foam cells; therefore, 
ligand-dependent activation of PPARy has been postulated to 
promote atherosclerosis. 16 
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The impact of TZDs on atherosclerosis is a critical issue. 
TZDs improve insulin-mediated glucose uptake and are used 
extensively in the treatment of insulin resistance and type 2 
diabetes mellitus, 17 Coronary artery disease mortality is 
increased 2- to 4-fold in type 2 diabetes. 18 Atherosclerosis is 
the major cause of demise in people with diabetes; therefore, 
it is important to determine the action of any antidiabetic drug 
on the atherosclerotic process. 

To determine whether PPARy activation has proathero- 
genic or antiatherogenic effects, we administered TRO to 
male LDL receptor- deficient (LDLR~'~) mice fed either a 
high-fat or a high-fructose atherogenic diet. Both models 
develop substantial hypercholesterolemia and macrophage- 
laden lesions, designated intimal xanthomata, which do not 
nonnally progress to mature atherosclerotic plaques. 19 In 
addition, the high-fat diet induces hyperglycemia and hyper- 
insulinemia in the LDLR"'" mouse, making it also a model of 
type 2 diabetes. 20 - 2 * In contrast, fructose does not increase 
glucose or insulin in this model 21 and, therefore, was useful 
because the effects of TZDs on atherosclerosis could be 
studied in the absence of improvements in insulin action. 

Methods 

Transendothelial Monocyte Migration 
THP-l cells (5X10 4 ), a human monocytic leukemia cell line, were 
added to a human aortic EC monolayer covering a gelatin-coated 
8-fun porous membrane and incubated for 30 minutes at 37°C to 
facilitate their attachment Cells were then pretreated with the 
indicated ligands or vehicle (dimethyl sulfoxide) for 30 minutes at 
37°C. Migration was induced by the addition of monocyte chemoat- 
tractant protein- 1 (MCP-1, 50 ng/mL) to the lower compartment. 
After 90 minutes, nonmigrating THP-l cells and human aortic ECs 
were removed with a cotton tip, and the membranes were fixed and 
stained with the Qufle-Diff Stain Set (DADE, Miami, Fla) to identify 
migrated cells. The number of migrated cells was determined per 
X320 high-power field. Experiments were performed in duplicate 
and were repeated at least 3 times. 

Western Blots 

Western immunoblots were performed as previously described. 10 
Membranes were incubated with rabbit polyclonal antibodies 
(1:1000 dilution, New England Biolabs) that recognize either (1) 
total extracellular signal-regulated kinase (ERK) or (2) ERK phos- 
phorylated on threonine 202 and tyrosine 204. 

Animals and Diets 

Male LDLR" 7 ' mice were obtained (C57BL/6J-Ldlr aD,Hw , stock No. 
002207, Jackson Laboratory, Bar Harbor, Me) and were group- 
housed under a 12-hour light and 12-hour dark regimen. All animal 
protocols were approved by the UCLA Animal Research Committee 
and complied with all federal, state, and institutional regulations. At 
3 months of age, the mice were randomly assigned to 1 of 5 dietary 
regimens: (I) chow (Harlan Teklad 8604), (2) high-fat complex 
carbohydrate (Research Diets), (3) high-fat complex carbohydrate 
with 4 g TRO/kg of food, (4) high fructose (Research Diets), or (5) 
high fructose with 4 g TRO/kg of food. The high-fat diet consisted 
of 21% fat, 20% protein, 50% carbohydrate, and 0.15% cholesterol. 
Our high-fat diet differed from those commonly used to study 
atherogenesis in LDLR"'* mice in that the majority of the nonfat 
energy came from complex carbohydrate sources instead of sucrose. 
The higb-mictose diet contained 4% fat, 16% protein, 71% fructose, 
and 0.15% cholesterol. Sources of fat in the diets were com oil (1% 
in all diets) and anhydrous milk fat (3% in the fructose diets and 20% 
in the high fat diets). Mice and feed were weighed weekly, and the 
rate of consumption of drug was computed. The mice were fed for a 
period of 12 weeks. 



Metabolic Measurements 

Blood samples from the retro-orbital sinus were obtained from the 
mice before the beginning of treatment and every month thereafter 
and from the abdominal vena cava at euthanasia. Mice were fasted 
overnight before the collection of the blood samples. Plasma glucose 
was measured by glucose oxidase reaction (Beckman Glucose 
Analyzer 2, Beckman Instruments). Plasma lipids were measured by 
the UCLA Lipid Analysis Laboratory. Plasma insulin was deter- 
mined by ELISA. Blood pressures were obtained by using an indirect 
tail-cuff method with a controlled temperature chamber (IITC, Inc) 
by a technician blinded to the treatment groups. 

Vessel Preparation and Image Analysis 

Mice were euthanized and perfused with 7.5% sucrose in 4% 
paraformaldehyde. Aortas were dissected out, split longitudinally, 
pinned flat in a dissection pan, and stained with Sudan IV to detect 
lipids and determine lesion area. Images were captured by use of a 
Sony 3-CCD video camera and analyzed by a single technician who 
was blinded to the study protocol and used ImagePro image analysis 
software. The extent of lesion formation is expressed as the percent- 
age of the total aortic surface area covered by lesions. 

Cross Sections: Determination of Intimal 
Macrophage Content 

The largest lesions from the aortic arch were excised and embedded 
in paraffin. The avidin-biotin-peroxidase complex technique for 
immunostaining was used. Macrophages were stained by using 
monoclonal antibody to CD68 (titer 1:100, KP1 clone, M08 14, Dako 
Corp). Nonimmune serum was used as a control. Primary antibody 
incubations were performed in 1% BSA/2% goat serum containing 
PBS for 60 minutes. Biotinylated rabbit anti-mouse (Dako) was 
applied; incubation with a streptavidin-peroxidase complex fol- 
lowed. Peroxidase activity was detected with the use of diaminoben- 
zidine tetrahydrochloride as a chromogen. Slides were then counter- 
stained with hematoxylin. Images of the stained sections were 
analyzed by using the software described above. After tracing the 
intimal area to be measured with a cursor, 5 pixels of color, which 
defined the anti-CD68 stain, were sampled by the operator. The area 
encompassed by the pixels, which was not contiguous, in the color 
range for anti-CD68 was then computed automatically by the 
software. This approach has been successfully used by Shi et al 22 to 
quantify lesional macrophages in a mouse model of transplant 
arteriosclerosis. 

Statistical Analysis 

Statistical analysis was performed by using 2-factorial ANOVA with 
Student-Newman-Keuls to determine the differences between indi- 
vidual group means. 

Results 

TRO Inhibits Monocyte Migration 
VSMC migration and proliferation play an important athero- 
genic role in the progression of fatty streaks toward more 
advanced atherosclerotic lesions, such as transitional lesions 
and classical atheromas. We have previously shown that 
PPAR7 ligands inhibit ERK mitogen-activated protein kinase 
(MAPK)-dependent migration of VSMCs.»o>" However, in 
the earliest stages of atherosclerotic lesions, recruitment of 
adherent monocytes through their migration into the suben- 
dothelium and their phenotypic transformation to macro- 
phages and foam cells play a far greater role than VSMCs in 
humans and in murine models. 23 

To investigate whether TRO-mediated PPARy activation 
affects monocyte recruitment and to further explore its 
mechanism, we carried out a series of in vitro experiments 
before our in vivo studies. MCP-1 is an important in vivo 
migration factor promoting the subendothelial accumulation 
of monocytes. TRO inhibited MCP-l-directed transmigra- 
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Figure 1. PPARy ligands inhibit MCP-1- directed transendotheh- 
al migration of monocytes. Migration of THP-1 monocytes 
through ECs was determined by using a modified Boyden 
chamber assay as described in Methods. The number of migrat- 
ing cells was quantified by microscopy with the use of high- 
power fields. Results represent 3 independent experiments per- 
formed in duplicate. *P<0.05 vs MCP-1 alone. 

tion of THP-1 monocytes by 32.7±6.5% at 2.5 jxmol/L and 
by 61.4±6.7% at 10 punol/L (Figure 1). TRO contains a 
vitamin E moiety that may confer an antioxidant activity that 
can inhibit monocyte recruitment and endothelial expression 
of adhesion molecules. However, rosiglitazone (RSG), an- 
other PPARy ligand that lacks antioxidant activity, also 
inhibited monocyte transmigration, albeit with a lesser po- 
tency than TRO (Figure 1). Inhibition of monocyte transmi- 
gration by TRO, therefore, is likely to be mediated at least in 
part through PPARy. 

MCP-1 rapidly induced ERK activation, reaching a peak at 
5 minutes, which was blocked by PD98059, an inhibitor of 
MAPK ERK kinase (MEK, an upstream kinase), which 
phosphorylates and activates ERK (Figure 2). PD98059 
attenuated MCP-1 -directed transmigration by 84.8 ±4.8%. In 
combination, these data suggest that activation of PPARy in 
monocytes may inhibit their migration by interfering with 
ERK-MAPK signaling, although the precise mechanism re- 
mains to be determined. 
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Figure 2. MCP-1 activates the ERK-MAPK pathway in THP-1 
human monocytes. A. Quiescent (Q) THP-1 celts were stimu- 
lated with MCP-1 (50 ng/mL) for 5 minutes. Whole-cell protein 
extracts were immunoblotted with a phosphospecific ERK1 
(pERK1)/ERK2 (pERK2) MAPK antibody. A representative blot of 
3 different experiments is shown. B, Conditions were the same 
as in panel A except that cells were treated with MEK inhibitor 
PD98059 (1 to 30 /irnoi/L) or vehicle (dimethyl sulfoxide, -) 
before and during stimulation with MCP-1 (50 ng/mL). A repre- 
sentative blot of 3 different experiments is shown. 



TRO Inhibits Intimal Macrophage Accumulation 
and Lesion Formation in Male LDLR ' Mice 
LDLR W ~ mice that were fed a regular chow diet develop few 
lesions across the surface of the aorta. Male 3-month-old 
LDLR~'~ mice were placed on either a high-fat or high- 
fructose diet to induce atherosclerosis. LDLR - '" males were 
used in the present study because they develop hyperglyce- 
mia and become diabetic on a high-fat diet but remain 
normoglycemic when fed a high-fructose diet. Moreover, 
males develop twice the level of surface lesions as do 
females, 24 and their use obviates the potentially confounding 
influence of the vascular protection in females afforded by 
estrogen. Comparison of the impact of TRO on atherogenesis 
in these 2 dietary models was undertaken to distinguish any 
activity of PPARy to normalize metabolic abnormalities 
accompanying diabetes that contribute to high-fat-induced 
xanthomata formation from any direct effects on the vascu- 
lature. To assess the impact of TRO on aortic lesions, 1 
high-fat diet group and 1 high-fructose diet group received 
TRO at 400 mg/kg body wt per day from drugs pelleted into 
the atherogenic diets. This dose of TRO was chosen because 
we previously demonstrated its efficacy in inhibiting intimal 
hyperplasia in rats after balloon injury. 11 

The en face method, which makes use of computer-assisted 
analysis of color images of Sudan IV-stained lipid-containing 
material in the entire aorta, was used to determine .the 
percentage of surface area affected by lesions. 24 Male 
LDLR"'" mice on normal chow for 3 months had <0.20% 
lesions (Figure 3A). The high-fat diet increased the amount of 
surface lesions after 3 months to 3.90±0.16% (n=8, Figure 
3B). TRO inhibited the high-fat-induced lesions by 30% 
(2.76+036% of the aortic surface, n=8, i > <0.02; Figure 
3C). Similar to Merat et al, 21 we noted that the high-fructose 
diet was more atherogenic than the high-fat diet, causing 
8 42±0.94% lesions (n=17, Figure 3D). TRO reduced le- 
sions in fructose-fed LDLR"'" males by 42% (4.90 ±0.65%, 
n=14, F<0.01; Figure 3E). Quantitative results are summa- 
rized in Figure 4. 

TRO-treated male LDLR W " mice fed either the high-fat or 
high-fructose diet for 3 months developed lesions that con- 
tained substantially fewer CD68-staining macrophages (Fig- 
ure 5A through 5D). Lesions induced by a high-fat diet 
contained 39.1 ±6.8% macrophages (percent of cross- 
sectional intimal area) compared with 133+4.9% (P<0.01) 
in mice administered TRO (Figure 5E). Similar results were 
obtained for males fed the high-fructose diet, where TRO 
decreased macrophage accumulation from 40.4±3.5% to 
17.1 ± 1.7% (P<0.01, Figure 5E). The lesions in the TRO-fed 
animals tended to be smaller in volume than those in males 
not fed TRO. The relative macrophage content in the larger 
lesions (not treated with TRO) exceeded the content in the 
smaller lesions (treated with TRO) by 140% to 200%. The 
reduction in macrophage accumulation in the lesions of 
TRO-treated animals is unlikely to be the result of their being 
an earlier lesion stage, because the relative macrophage 
content is known to be greatest in the smaller (ie, early-stage) 
lesions. 

Effect of TRO on Metabolic Parameters 

All metabolic measurements determined on blood samples 

drawn before treatment were similar in all groups (Tables 1 
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Figure 3. TRO attenuates atherosclerosis in male LOUT' - mice. 
The aorta is stained by Sudan IV to detect the lipids present in 
Son? A. oS» diet B. High-fat diet. C. High-fat dietand 
TRO. D, High-fructose diet. E. High-fructose diet and TRO. 

and 2) In accordance with previous studies on male LDLR - '" 
mice, we found that a high-fat diet induced diabetes 20 - 1 ' 
(Table 1). Glucose levels progressively increased throughout 




Figure 4. Quantification of the antiatherogenic activity of TRO In 
male LDLR"' - mice. Mean atherosclerotic surface lesion areas 
were determined In mice fed a normal chow, high-fat or high- 
fructose diet in the absence or presence of TRO for 3 months. 
Image analysis and quantification of the percentage of the total 
aortic area staining for Sudan IV were performed by using 
computer-assisted image analysis. TRO produced aslgnificant 
decrease in mice fed a high-fat (30% decrease, 'P<0.05) and 
high-fructose (42% decrease, **P<0.05) diet. 




Figure 5. TRO inhibits accumulation of lesional macrophages. 
Sections from the aortic arch were Immunostalned by using 
antibody against CD68 to detect mac rophages -O^g" 01 
the percentage of the Intimal area staining H^O.05) tor CD68 
was performed by computer-assisted image analysis. A, High- 
Tat dtet (n%. B. High-fat diet and TRO ("=^C High-fructose 
diet (n=6). D, High-fructose diet and TRO (n=6). E, Quant.fica- 
tion of the macrophage content. 

the study, reaching a maximum of 285 mg/dL at 3 months 
compared with 148 mg/dL for mice on normal chow. The 
fat-fed males were also hyperinsulinemic (1 198±149 versus 
664±U3 pg/mL on normal chow), consistent with the 
development of early-stage type II diabetes. Although TRO 
did not decrease hyperglycemia in high-fat-fed male mice, 
TRO administration completely normalized their plasma 
insulin levels. In marked contrast, mice on a high-fructose 
diet had normal fasting plasma glucose and insulin levels, 
which were not altered by TRO. 

LDLR"'" males developed severe hypercholesterolemia on 
either the high-fat or high-fructose diet, achieving levels 3- to 
4-fold greater than those in animals maintained on regular 
chow (Table 2). TRO lowered total plasma cholesterol by 
27% in males on the high-fructose diet but had no effect on 
the high-fat-fed mice. Triglycerides were elevated in the 
high-fat-fed males but not in the high-fructose group; TRO 
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TABLE 1. Plasma Glucose and Insulin Levels and Final Body Weights 



High-Fructose High-Fructose 



Glucose, mg/dL 
Start 

1 mo 

2 mo 

3 mo 
insulin, pg/mL 

3 mo 
Body weight, g 



Chow Diet 


High-Fat Diet 


Diet/TRO 


Diet 


Diet/TRO 


158.7±R63 


173.2±12.12 


169.4±/.yo 


1*17 ft+11 53 


148.5±27.67 


148.9±6.60 


190.5±10.92 


155.1 ±9.13* 


121 .2 ±6.44 


114.8±4.55 


144.8±10.96 


201.1 ±9.09 


189.6±27.37 


128.6±13.09 


121.89±17.32 


148.5±14.87 


284.8±25.00 


268.9±13.90 


152.3±15.80 


t81.9±23.47 


664.7+113.62 


1198.7+149.81 


691 .2±1 09.14| 


304.4+ 47.49 


278.7±37.9 


27.3 ±0.56 


42.5±0.66 


37.0±0.89t 


25.9±0.37 


24.2±0.34 



Values are mean±SEM. 

*P<0.05 vs high-fat; tP<0M vs high-fat diet 

did not alter triglycerides in either model. HDL cholesterol 
(HDLC) decreased with both of the diets, compared with 
normal chow, as frequently reported. 3 TRO further lowered 
the HDLC in the high-fat-fed males but increased it in the 
high-fructose^-fed group. Plasma free fatty acid levels in- 
creased in males on the high-fat diet but not in those on the 
high-fructose diet; TRO decreased free fatty acid levels in 
both models. 

Discussion 

The most significant finding of the present study is that 
TRO inhibited lesion formation in a type 2 diabetic mouse 
model and a nondiabetic LDLR~'~ mouse model of intimal 
xanthomata. Mice fed the high-fat diet developed exten- 
sive hypercholesterolemia that was not affected by TRO. 
These mice also gained substantial weight and showed an 

TABLE 2. Plasma Lipid Levels 



increase in circulating free fatty acid levels, which prob- 
ably contributed to their insulin resistance, hyperinsuhn- 
emia, and fasting hyperglycemia." The increase in triglyc- 
erides and decrease in HDLC are consistent with insulin 
resistance. TRO decreased circulating insulin but did not 
affect glucose in this model. The same has been reported in 
humans with type 2 diabetes, of whom 20% treated with 
TRO showed no improvement in glucose control, but all 
demonstrated improved insulin sensitivity. 26 In contrast to 
the response in humans, TRO did not alter triglycerides 
and further decreased HDLC. Mice fed the high-fructose 
diet also developed severe hypercholesterolemia but did 
not gain weight or develop hyperinsulinemia or elevations 
in free fatty acids or triglycerides. In this model, TRO 
decreased the free fatty acids, increased HDLC, and 
decreased total cholesterol. 





Chow Diet 


High-Fat 
Diet 


High-Fat 
Diet/TRO 


High-Fructose 
Diet 


High-Fructose 
Diet/TRO 


Total Cholesterol, mg/dL 










328.0±18.32 


Start 


292.2±14.63 


277.7±5.77 


278.8±9.24 


321.8±20.87 


1 mo 


316.0±11.51 


583.3±72.18 


541.9+62.22 


489.1 ±24.58 


360.8±21.37f 


2 mo 


315.8±10.26 


1307.0±110.11 


1173.0±122.11 


1052.3 + 33.78 


816.7±25.02* 


3 mo/final 


317.9±17.79 


1341.9±52.14 


1313,63±28.83 


1167.7+46.17 


862.1 ±23.70* 


HDLC, mg/dL 










113.5±8.39 


Start 


110.6±4.51 


111.2±1.87 


109.9±3.07 


121.2+2.59 


1 mo 


111.2±3.19 


108.2±1.93 


108.9+2.65 


104.2±3.08 


106.6±4.58 


2 mo 


11 2.1 ±4.06 


94.4±3.52 


98.2±12.66 


100.4±3.56 


105.3 ±4.76 


3 mo 


112.4+5.00 


104.8±7.84 


81.8±6.86* 


90.1 ±4.48 


108.4±5.10f 


Free fatty acids, mg/dL 










82.5 ±4.38 


Start 


67.1 ±2.82 


63.5±1.82 


58.2±2.67 


91.0±6.96 


1 mo 


69.4 ±2.97 


70.4±2.11 


66.6±2.67 


66.9±4.90 


71.2±3.75 


2 mo 


. 65.7±2.87 


88.6+7.32 


74.2±4.19 


68.7±3.67 


65.8+3.57 


3 mo 


61.7+3.68 


72.5+2.42 


57.1 ±2.07* 


61.7±1.52 


53.1±2.81t 


Triglycerides, mg/dL 










111.83+16.00 


Start 


122.0+4.43 


109.1 ±5.32 


101.1 ±5.72 


84.8±5.09 


1 mo 


126.0±11.1 


124.3±7.00 


113.6±7.48 


85.8±4.98 


94.0±6.47 


2 mo 


86.9±4.98 


156.6±30.55 


191.8±64.47 


81.2+5.98 


79.8±6.47 


3 mo 


71.6±6.92 


141.8±7.84 


159.1±19.79 


75.3±6.89 


69.0+4.85 



Values are mean+SEM. 

*P<0.01 vs high-fat diet; t^O.05 vs 



high-fructose diet, and *P<0.001 vs high-fructose diet 
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Despite the difference in metabolic responses between the 
diabetic and nondiabetic animals, both hypercholesterolemic 
models responded to TRO with decreased lesion formation. 
These results suggest that TRO has direct vascular effects, 
separate from its metabolic effects, that decrease the athero- 
sclerotic process. Alternatively, the antiatherogenic effects of 
TRO in the 2 different models might involve the collection of 
distinct metabolic processes. For example, hemodynamic 
effects of TRO related to its reported activity to lower blood 
pressure in animal models and in humans could also impact 
pathophysiological processes in high-fat- and high-fructose- 
fed LDUT'~ mice. 27 " 30 All major cell types contributing to 
this vascular lesion formation express PPARy, which pro- 
vides a mechanism for the direct effect of thiazolidinedione 
ligands in the vessel wall. 3 - 5 > 6 * Data from in vitro experiments 
had suggested mechanisms by which activation of PPARy 
could either accelerate or attenuate the atherosclerotic pro- 
cess. 2 - 6 ' 9 - 10 ' 16 The present study provides conclusive evidence 
that ligand-induced PPARy activation by TRO reduces inti- 
mal xanthomata in murine models. 

TRO had several systemic effects that may have contrib- 
uted to its attenuation of intimal xanthomata. In the diabetic 
high-fat-fed mouse, TRO lowered insulin and glucose levels 
and decreased HDLC (which is thought to promote athero- 
genesis). In the fructose-fed model, TRO decreased total 
cholesterol and increased HDLC. Our finding that TRO was 
more potent in suppressing lesion formation in the fructose- 
fed model compared with the high-fat-fed mice could be due 
to the observed 27% reduction in total cholesterol. A common 
effect of TRO in the high-fat-fed and high-fructose-fed 
LDLR~'~ models is its suppression of circulating free fatty 
acid levels. However, increased circulating free fatty acids 
have not been shown to be an independent risk factor for 
atherosclerosis. 

Inflammation in the vascular wall has clearly emerged as a 
major culprit in the development of atherosclerosis. 31 Dam- 
age to the endothelium and the subsequent recruitment and 
transendotheUal migration of monocytes constitute critical 
early cellular responses during atherogenesis. 3 ' Transmigra- 
tion of monocytes into the subendothelial space is strongly 
stimulated by the chemokine MCP-I, which is expressed and 
secreted by ECs and VSMCs. The essential role of MCP-1 m 
atherogenesis is underscored by a recent study demonstrating 
that crossing MCP-l-deficient mice into LDLR~'~ mice 
attenuated lesion formation by >80%. 32 Our group and others 
have shown that TRO and other PPARy ligands inhibit 
growth factor-directed ERK-MAPK- dependent VSMC mi- 
gration Cell migration requires de novo gene transcrip- 
tion that is consistent with PPARy acting in the nucleus to 
inhibit this process. 10 In particular, activation of PPARy can 
inhibit ERK-MAPK signaling to the nucleus."- 33 Because 
MCP-l-directed migration of monocytes is ERK-MAPK 
dependent, interference with this pathway by TRO could 
contribute to the observed reduction in intimal xanthomata 
and lesiona! macrophages in treated LDLR~'~ mice. 

TRO and another PPARy ligand, RSG, which does not 
contain an a-tocopherol moiety, inhibited MCP-l-directed 
migration of human monocytes in vitro. TRO also consis- 
tently decreased intimal macrophage accumulation in the 
diabetic and nondiabetic mice. These findings support the 
concept that inhibition of monocyte attachment and migration 



in the vessel by TRO may be one of the mechanisms 
contributing to the reduction of atherogenesis. Although it 
cannot be ruled out that the reduction of intimal monocytes in 
part reflected the reduced lesion size induced by TRO 
treatment, this is unlikely to be the sole explanation, because 
the relative intimal monocyte/macrophage content is known 
to be greatest in the early stages (smaller lesions) of athero- 
sclerosis. In any case, the antiatherosclerotic activity of 
TRO-induced PPARy activation clearly prevailed over its 
hypothesized promotion of foam cell formation via increased 
expression of the scavenger receptor CD36. 16 

Unlike other PPARy ligands, TRO has an a-tocopherol 
(vitamin E) moiety that theoretically could contribute to its 
antiatherogenic activity through antioxidant effects. 34 Vita- 
min E has been shown to suppress atherosclerosis in the apoE 
knockout model,' which develops advanced atherosclerotic 
lesions. 35 - 36 Whether the dose of vitamin E provided by TRO 
in the present study is enough to impact lesion formation is 
doubtful. At 400 mg/kg TRO per day, LDLR"'" mice re- 
ceived the equivalent of 8 IU of vitamin E, a dose much lower 
than that reported to affect atherosclerosis or to significantly 
protect LDL against oxidation. 3 *- 38 Another line of evidence 
for the assumption that the effect of TRO on lesion formation 
was not, to a significant degree, dependent on antioxidant 
effects is provided by a parallel study demonstrating, that 2 
other PPARy ligands, RSG and GW7845,which do not 
contain the a-tocopherol moiety, inhibited atherogenesis in 
the aortic root of male LDLR"'" mice fed a high-fat, choles- 
terol-enriched diet 39 In addition, the recent Heart Outcomes 
Prevention Evaluation (HOPE) clinical trial in humans did 
not show an effect of vitamin E on coronary artery disease 
events or mortality. 40 

In summary, given the absence of consistent major meta- 
bolic changes present in diabetic and nondiabetic mice, it is 
likely that TRO at least in part decreases early atherosclerotic 
lesion formation through direct vascular effects. In human 
subjects with diabetes, who have a high risk for coronary 
disease, TRO improves insulin resistance and other 
proatherogenic metabolic parameters, which may improve 
cardiovascular risk. It is possible that some of the vascular 
effects observed in our murine models may also be present in 
humans. Although Li et al 3 > and our data demonstrate that 
PPARy ligands suppress early atherosclerotic lesions, intimal 
xanthomata do not inexorably progress to more advanced 
atherosclerotic plaques; in fact, they, often regress. 19 There- 
fore, determining the effects of PPARy ligands on more 
advanced atherosclerotic lesions may prove to be a stronger 
predictor of their potential clinical benefit Nonetheless, the 
present results indicate that an investigation of potential 
antiatherogenic effects of PPARy ligands is strongly 
warranted. 
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Vitamin E Reduces Progression of Atherosclerosis in 
Low-Density Lipoprotein Receptor-Deficient Mice With 
Established Vascular Lesions 

Tillmann Cyrus, MD; Yuemang Yao, BSc; Joshua Rokach, PhD; 
Lina X. Tang, MD; Domenico Pratico, MD 

Background— A growing body of evidence from animal studies supports the hypothesis that oxidative stress-mediated 
mechanisms play a central role in early atherogenesis. In contrast, clinical trials with antioxidant vitamins have not 
produced consistent results in humans with established atherosclerosis. 

Methods and Results— Low-density lipoprotein receptor-deficient mice (LDLR KO) were fed a high-fat diet for 3 months 
to induce atheroma. At this time, 1 group of mice was euthanized for examination of atherosclerosis, and 2 other groups 
were randomized to receive high-fat diet either alone or supplemented with vitamin E for 3 additional months. At the 
end of the study, LDLR KO on a vitamin E-supplemented fat diet had decreased 8,12-iso-isoprostane (iP)F I( ,-VI and 
monocyte chemoattractant protein- 1 levels, but increased nitric oxide levels compared with mice on placebo. No 
difference in lipid levels was observed between the 2 groups. Compared with baseline, placebo group had progression 
of atherosclerosis. In contrast, vitamin E-treated animals showed a significant reduction in progression of 
atheroscl erosis » 

Conclusions— These results demonstrate that in LDLR KO, vitamin E supplementation reduces progression of established 
atherosclerosis by suppressing oxidative and taflammatory reactions and increasing nitric oxide levels. (Circulation. 
2003;107:521-523.) 

Key Words: atherosclerosis ■ antioxidants ■ lipids ■ inflammation ■ nitric oxide 



Atherogenesis is a chronic disease influenced by multiple 
genetic and environmental factors that involves a com- 
plex interplay between blood components and the artery wall 
and is characterized by oxidative and inflammatory reac- 
tions. 1 Consistent data indicate that oxidative processes are of 
functional importance in animal models of atherogenesis. 2 
Epidemiological studies support these findings, indicating an 
inverse relationship between antioxidant vitamin intake and 
cardiovascular disease. 3 Several clinical trials, however, have 
shown conflicting results as to whether or not antioxidant 
vitamins reduce atherosclerosis progression and cardiovascu- 
lar events. 4 Furthermore, in healthy subjects, vitamin E 
supplementation did not reduce the progression of the carotid 
artery intima-media thickness over a 3-year period. 5 

Several considerations can be made to explain these 
conflicting results, among them the endogenous antioxidant 
status of the study participants before enrollment and the 
timing of the intervention relative to the atherosclerotic 
process. It is plausible that in mice, vitamin E is effective 
because it is typically given at an early stage of the disease. 
In contrast, in humans, it has little or no effect because it is 



administered when atherosclerotic lesions are already 
established* 

Most animal studies have focused their attention on the effect 
of antioxidants on the formation of fatty streaks, the earliest 
cellular lesion of atherosclerosis. In contrast, the possible con- 
tribution of oxidative stress to the progression of atherosclerosis 
has been poorly investigated Previously, we have shown that 
vitamin E suppresses in vivo lipid peroxidation and induces a 
significant reduction of early atherogenesis in different mouse 
models of atherosclerosis^ 7 The present study was designed to 
test the hypothesis that chronic attenuation of oxidative stress by 
vitamin E would have an impact on established atherosclerosis 
in low-density lipoprotein-receptor deficient (LDLR KO) mice. 

Methods 

Animal Experimental Protocol 

All procedures were approved by the Institutional Committee. LDLR 
KO mice (n=42, Jackson Laboratories, Bar Harbor, Me) were 
allowed to age to 12 months and were then fed a high-fat diet 
(normal chow supplemented with 0.15% cholesterol and 20% butter 
fat) for a total of 12 weeks prior baseline analysis. At this time-point 
blood was drawn, plasma cholesterol was quantitated, and mice were 
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divided in 3 groups of 14 animals each, with mean cholesterol levels 
that were not significantly different. One group of animals was killed 
immediately for analysis of atherosclerosis (baseline group). The 
remaining mice were randomized to receive high-fat diet alone or 
supplemented with vitamin E (2 I.U/g diet) for 3 additional months. 
Blood samples were obtained from mice at baseline and then at 
monthly intervals until the end of the study. 

Biochemical Analyses 

Plasma cholesterol and triglyceride levels were measured enzymat- 
ically and vitamin E levels were assayed by high-performance liquid 
chromatography as previously described. 6 - 7 Total plasma NO metab- 
olites were evaluated with measurements of nitrite+nitrate by a 
colorimetric assay (Assay Design). Plasma 8,12-iyo-iPF^-VI levels 
were measured by gas chromatograp by/mass spectrometry, as pre- 
viously described. 7 - 8 Levels of soluble intercellular adhesion 
molecules-1 (s-ICAMl) and monocyte chemoattractant protein-1 
(MCP-l) were measured by ELISA kits (Endogen, Inc and R&D 
System). 7 - 9 

Preparation of Mouse Aortas and Quantitation 
of Atherosclerosis 

After the final blood collection, mice were euthanized and the aortic 
tree was perfused for 10 minutes with ice-cold PBS containing 20 
/imol/L BHT and 2 mmol/L EDTA (pH 7.4) as previously de- 
scribed. 7 - 9 After removal of the surrounding adventitial fat tissue, the 
aorta was opened longitudinally, fixed in formal-sucrose, and stained 
with Sudan IV. The extent of atherosclerosis was determined using 
the en face method, in a blinded fashion as previously described. 6 - 7 

Histology and Immunohistochemistry 

Briefly, serial frozen sections of the aortic root of the proximal aorta, 
starting at the sinus, were examined. Immunostaining for macro- 
phage content was performed as previously described. 7 ' 9 Briefly, a 
Mab to mouse macrophages (MOMA-2; Accurate Chemicals), and a 
Mab anti-human smooth muscle a -actin (Sigma Chemical Co) for 
smooth muscle cells were used. Antibody reactivity was detected 
using a Nova red substrate kit (SK-4800, Vector Laboratory). Cross 
sections were counterstained with hematoxylin. As control, no 
primary antibody was added to the same sections. Images of 
immunostained sections were captured and analyzed in a blinded 
fashion as previously described. 7 * 9 

Statistical Analysis 

Results were expressed as mean±SEM. Data were analyzed by 
ANOVA and subsequently by Student's unpaired 2-tailed r test, as 
indicated. Probability values less than 0.05 were considered as 
significant 

Results 

Vitamin E Effects on Plasma Lipids 
Compared with baseline group, mice from the placebo group 
showed a further significant increase in both plasma choles- 
terol and triglycerides. This increase was also evident in 
LDLR KO mice receiving the high-fat diet supplemented 
with vitamin E (Table). No significant difference in lipid 
levels was found between mice on vitamin E or high-fat diet 
alone. Compliance with vitamin E dietary regimen was 
demonstrated by a significant increase in its circulating levels 
in mice on vitamin E-enriched diet (Table). Elevation of 
plasma vitamin E levels was also evident when the values 
were normalized for cholesterol (data not shown). 

Vitamin E Effects on Oxidative and 
Inflammatory Processes 

Plasma levels of 8,12-wo-iPF 2o -VI, a major F 2 -isoprostane 
and a specific marker of lipid peroxidation, 8 were further 
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elevated in LDLR KO mice kept on a high-fat diet alone 
when compared with the baseline group. In contrast, vitamin 
E significantly reduced these levels to values that were 
similar to the ones observed in mice at baseline (Table). At 
the end of the study, mice on the high-fat diet alone had a 
further increase in s-lCAM-1 and MCP-l circulating levels, 
whereas vitamin B significantly reduced them (Table). Be- 
cause impaired NO synthesis has been described in hyper- 
cholesterolemia, 10 we examined the effect of vitamin E 
supplementation on NO metabolite (NOx) levels. Compared 
with baseline, plasma NOx levels were further reduced in 
mice on a high-fat diet alone. In contrast, vitamin E supple- 
mentation preserved higher plasma NOx levels compared 
with both baseline and the placebo group (Table). 

Vitamin E Effects on Preexisting 
Atherosclerotic Lesions 

The Sudan IV-stained aorta preparations of the LDLR KO 
mice on the high-fat diet for 3 months showed atherosclerotic 
lesions mainly localized in the sinus and arch portions, 
covering 112±I.4% of the entire vessel (Figure 1). The 
aortas from mice receiving a high-fat diet for 3 additional 
months demonstrated further progression of atherosclerosis, 
which involved the thoracic and abdominal portions of the 
aorta. In contrast, this area was significantly reduced in 
LDLR KO mice on high-fat diet supplemented with vitamin 
E (Figure 1). No significant difference was observed with the 
baseline group (Figure 1). 

Immunohistochemical analyses of aortic root sections 
showed no difference in the percentage area occupied by 
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Figure 1. Percentage of total aortic atherosclerotic lesion areas 
in LDLR KO mice fed a high-fat diet for 3 months (baseline), and 
those fed a high-fat diet alone or with vitamin E for 12 additional 
weeks (n=14 per group). *P<0.01 versus placebo. 
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Figure 2. Percentage area of aortic root atherosclerotic lesions 
occupied by macrophages in LDLR KO mice fed high-fat diet 
for 3 months (baseline), and those fed a high-fat diet alone or 
with vitamin E for 12 additional weeks (n=8 per group). *P<0.01 
versus placebo. 

macrophages between baseline and placebo group after nor- 
malized to total lesion area. However, this area was signifi- 
cantly reduced in mice receiving vitamin E compared with 
placebo (Figure 2). Finally, no difference in smooth muscle 
cell content was observed among the 3 groups (data not 
shown). 

Discussion 

In the current study, we demonstrated for the first time that 
chronic supplementation of vitamin E retards the progression 
of established atherosclerotic lesions in LDLR KO mice on a 
high-fat diet by decreasing oxidative and inflammatory reac- 
tions and increasing NO levels. 

Lipid peroxidation, in particular oxidative modification of 
LDL in vivo, is thought to play a functional role in athero- 
genesis. 2 Evidence consistent with this hypothesis includes 
the presence of oxidized lipids in atherosclerotic lesions and 
the reduction of murine atherosclerosis by structurally dis- 
tinct antioxidants. 11 - 13 Several trials have shown, however, 
that antioxidants do not reduce the risk of fatal or non-fatal 
infarction in an unselected population with established ath- 
erosclerosis. 4 These conflicting results do not necessarily 
mean that the oxidative hypothesis of atherosclerosis is 
incorrect. It is possible that the animal intervention studies 
deal primarily with early lesions, whereas clinical trials deal 
with established ones. We have previously shown that in vivo 
lipid peroxidation is increased in the apolipoprotein 
E-deficient mice and LDLR KO mice, and that its inhibition 
by vitamin E coincides with a reduction in atherosclerosis. 6 - 7 
It is plausible that in humans antioxidants have little or no 
effect because they are given when lesions are already 
established. To test this hypothesis, LDLR KO mice initially 
kept on a high-fat diet for 3 months were subsequently 
randomized to either receive a high-fat diet supplemented 
with vitamin E or stay on the high-fat diet alone for 12 
additional weeks. We found that vitamin E reduced progres- 
sion of atherosclerosis without affecting lipid levels by 
suppressing oxidative stress. These results support the con- 
cept that vitamin E is effective in LDLR KO mice whether it 
is given at the early phase of atherogenesis or after the disease 
is established. 



Atherosclerosis is associated with oxidative stress, which is 
characterized by a reduction of endogenous antioxidants and 
MO levels." 115 We confirmed these data by showing that 
vitamin E restores and increases these levels. Reactive 
oxygen species can interact with NO and produce peroxyni- 
trate, which in turn can further sustain oxidative injury to the 
endothelium. By restoring the endogenous antioxidant status, 
vitamin E increases NO levels and limits peroxynitrate 
formation, which could then act as additional antiatherogenic 
mechanisms by reducing vascular inflammation. Indeed, our 
present findings demonstrate that by reducing oxidative 
stress, vitamin E improves indices of inflammation and 
endothelial function, which are critically involved in the 
progression of atherosclerosis. 

In interpreting our results, we must consider an important 
limitation of this study; no animal model mimics perfectly 
human atherosclerosis. Despite this fact, our study supports 
the hypothesis that the discrepancies between animal studies 
and clinical trials with vitamin E cannot be explained by the 
timing of the intervention, ie, early versus established lesions. 
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Estradiol prevents fatty streak formation in chow-fed 
atherosclerosis-prone apolipoprotein E (ApoE>defl- 
cient mice. We previously reported that fatty streak 
development of immunodeficient ApoE~ /_ / recombi- 
nation activating gene 2 (RAG-2 _/ ~) double-deficient 
mice was insensitive to estradiol. In the present work, 
we demonstrate that the reconstitution of ApoE -/ "/ 
RAG-2 -/ ~ with bone marrow from immunocompe- 
tent ApoE~ / ~/RAG-2 +/+ mice restores the protective 
effect of estradiol on fatty streak constitution. We 
extended this demonstration to the model of low- 
density lipoprotein receptor-deficient mice, estab- 
lishing the obligatory role of mature lymphocytes in 
this process. We then investigated whether the pro- 
tective effect of estradiol was mediated by a specific 
lymphocyte subpopulation by studying the hormonal 
effect on fatty streak constitution in recently devel- 
oped models of ApoE" 7 " mice deficient in selective 
T-lymphocyte subsets (either TCRa/T, CD4 + , CD8 + , 
or TCRyS + lymphocytes) or B lymphocytes. In all 
these specifically immunodeficient mice, estradiol 
administration to ovaricctomized mice conferred pro- 
tection as in immunocompetent ApoE~ /_ mice, 
clearly demonstrating that no single lymphocyte sub- 
population was specifically required for this effect. 
These results point to additional lymphocyte-depen- 
dent mechanisms such as modulating the interactions 
among lymphocytes and between lymphocytes and 
endothelial and/or antigen-presenting cells. (Am J 
Patbol2005> 167:267-274) 



Fuller understanding of the mechanism of atherosclerosis 
prevention by estrogens is urgently needed. 1 Two con- 
trolled prospective and randomized studies did not dem- 
onstrate a beneficial effect of hormone replacement ther- 
apy whether in secondary 2 or in primary prevention. 3 In 
contrast to these clinical data, estrogen hormones have 
been shown to decrease macrophage-derived foam-cell 
infiltration in different animal species including athero- 
sclerosis-prone apolipoprotein E-deficient (ApoE 1 ) 
mice 4,5 although the mechanisms of this effect have re- 
mained obscure. 

Recent cumulative evidence have suggested that both 
innate and adaptive immune responses modulate the 
rate of lesion progression. 6 " 8 Indeed, several studies 
have confirmed the importance of T lymphocytes present 
in early lesions of atherosclerosis. 9 " 12 Furthermore, pre- 
vious observations have demonstrated the particular role 
for specific T-lymphocyte subsets. For example, Zhou 
and colleagues 13 showed that CD4 + T cells aggravate 
the atherosclerotic process. 

In this context, we previously reported that ApoE 
mice with homozygous disruption at the recombination 
activating gene 2 (RAG-2~'~) loci presented a reduced 
level of atherosclerotic lesions that were insensitive to 
estradiol (E2). 14 In the present studies, we first demon- 
strated that the reconstitution of ApoE" /_ /RAG-2 ^ with 
bone marrow from immunocompetent ApoE ' /RAG- 
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2 +/ + mice restores the protective effect of E2 on fatty 
streak constitution and extended this demonstration to 
the model of low-density lipoprotein receptor (LDLr)-de- 
ficient mice. We then hypothesized that E2 could target a 
specific lymphocyte subset to exert its protective effect 
on fatty streak constitution. To solve this question, we 
compared the effect of E2 in immunocompetent ApoE ' 
mice and in models of ApoE _/ ~ mice deficient in specific 
lymphocyte subsets developed in our laboratory. We ob- 
served that no T- or B-lymphocyte subpopulation specif- 
ically mediated the protective effect of E2, pointing to 
additional lyrnphocyte-dependent mechanisms. 



Materials and Methods 
Animals 

,The specific pathogen-free conditions of animal care and 
regular chow diet feeding as well as the production of 
ApoE- and RAG-2-deficient mice (ApoE" / ~/RAG-2" / ) 
have been described previously. 14,15 The ApoE ' /RAG- 
2~'~ mice had been backcrossed into a C57BL/6 back- 
ground for six generations. 

Low-density lipoprotein receptor-deficient (LDLr 1 ) 
mice were purchased from Charles River (L'arbresle, 
France). RAG-2-deficient (RAG-2"'") mice were pur- 
chased from CDTA (Orleans, France). Both strains had 
been backcrossed into a C57BL/6 background for more 
than 10 generations. Female LDLr" 7 " mice were crossed 
with male RAG-2" 7 " mice in our animal facility to obtain 
LDLr and RAG-2 double-deficient mice (LDLr" /_ / 
RAG-2" 7 "). RAG-2 and LDLr gene disruptions were as- 
sessed by polymerase chain reaction genotyping as 
previously described . 1 6 ' 1 7 The production of the double- 
deficient models is reported elsewhere. 12 Briefly, TCR/3- 
deficient (TCR/r'-), CD4-deficient (CD4" 7 ~), CP8- 
deficient (CD8~ /_ ), TCRS-deficient (TCRS" 7- ) male 
mice were crossed with female ApoE" 7 mice, B- 
lymphocyte-deficient mice were obtained similarly by 
crossing ^mt-deficient 18 B~ 7 ") male mice with female 
ApoE" 7 " mice. Heterozygous ApoE" 7 ~/TCR/3 +/ , 
ApoE- 7 -/CD4 +/ " ApoE- 7 "/CD8 +7 ". ApoE-^/rCRS 47 " 
ApoE~ 7 "/B +7 ~ populations were generated and used as 
thQ parental genotypes. The offspring of these heterozy- 
gous strains. TCR/3 +7+ , CD4 +7+ , CD8 +/+ , TCRS +7+ , B +7+ 
and TCR/T 7 " CD4" 7 ", CD8" 7 " TCR5" 7 ", B _/ " served as 
the subjects of our studies. Confirmation of gene disruption 
was screened by polymerase chain reaction genotyping 
and phenotyping of blood lymphocytes or splenocytes by 
flow cytometry. 12 All strains had been backcrossed into a 
C57BL/6 background for more than 10 generations. 

Only female animals were used in the present studies. 
As shown in Figure 1, mice were ovariectomized at 5 
weeks of age and, 1 week later, were administered with 
either 60-day time-release placebo or 0.1 mg of estradiol- 
170 pellets (Innovative Research of America, Sarasota, 
FL) implanted subcutaneously into the back of the ani- 
mals, using a sterile trochar and forceps. New pellets 
were reimplanted 7 weeks later. The dose of 0.1 mg of 
E2. releasing 80 ptg/kg/day, had previously been defined 
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Figure 1. Protocol to study fatty streak formation in immunocompetent or 
itnmunodeficient ApoE-deficient mice. Ovx, ovariectomy; E2, estradiol-170 
pellet; PI, placebo pellet. 

as adequate for a maximal effect on fatty streak consti- 
tution in female mice. 15 ApoE~'~ mice were maintained 
under chow diet throughout the experiments, whereas 
LDLr~'~ mice were switched to a high-fat diet (15% fat, 
1.25% cholesterol, no cholate, TD96335; Harlan Tekiad, 
Wl) at 5 weeks of age. After E2 or placebo treatment for 
12 weeks, all mice were sacrificed with an overdose of 
ketalar after a 16-hour fast. Blood was collected by orbital 
punction for serum lipid analysis. 15 Uterus was weighted 
to assess the efficacy of E2 treatment. All experimental 
procedures were performed in accordance with the rec- 
ommendations of the European Accreditation of Labora- 
tory Animal Care Institute. 

Bone Marrow Transplantation 

As shown in Figure 2, ApoE-'-/RAG-2-'- and LDLr'-/ 
RAG-2 _/ ~ mice were ovariectomized at 5 weeks of age 
and received a sublethal dose of whole-body irradiation 
(400 rads) 1 week later. The day after irradiation, donor 
ApoE -7- or ApoE- / -/RAG-2" / - ( C57BL/6 or RAG-2 _/ 
mice were killed ( and their femurs and tibias removed 
aseptically. Marrow cavities were flushed, and single-cell 
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Figure 2. Protocol of bone marrow transplantation (BMT^and flow cytom- 
etry analysis or spleen lymphocyte repopulation of ApoE -/ J7RAG-2~ ~ mice 
transplanted using bone marrow from ApoE -/ ~/RAG-2 or ApoE / 
donor mice. Splenocytes were co-labeled with anti-TCR/J-PerCP/ 
anti-CD19-PE-conjugated antibodies. 
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Table 1. 



Body Weight, Total Cholesterol, and Aortic Root Usion Area in Placebo (Pi)- or ^ radio »- 17 * ^ 
Ovariectomized ApoE~ /_ /RAG"~ /_ Female Mice after Bone Marrow Transplantation from ApoE /RAG or ApoE 
RAG* /+ Donors 



Donor genotype 



Treatment 



Body weight (g) 



Total cholesterol (g/L) 



Lesion area (/im 2 ) 



ApoE w -/RAG +/+ 
ApoE-^/RAG-'- 



Pl 
E 2 
PI 

E 2 



25.3 ± 0.7 
23.5 ± 0.6 
26.8 ± 1.7 
24.3 ± 0.3 



5.9 ± 0.4 
4.8 ± 0.4 
5.4 ± 0.4 
4.4 ± 0.7 



66662 ± 5838 
34919 ± 6532* 
33451 ± 5816* 
41844 ± 5294 



Results are means ± SEM (n = 7). 

*P < 0.05 versus the corresponding Pl-treated mice. 

*P < 005 versus ApoE _/ "/RAG +/+ -transplanted Pl-treated mice. 




Figure 3. Immunohlstochcmical analysts of representative lesions from in- 
dividual transplanted using bone marrow from ApoE" 
-/RAG-2* /+ or ApoE _/ ~/RAG-2" ; ~ donor mice using anti-CD3 antibodies. 

suspensions were prepared. The irradiated recipients 
received 15 x 10 6 bone marrow cells in 0.2 ml of phos- 
phate-buffered saline by tail vein injection. One week 
before and 4 weeks after the bone marrow transplanta- 
tion, Bactrim (sulfamethoxazole 200 mg/ml, trimethoprim 
48 mg/ml) was added to drinking water. After 5 additional 
weeks, all transplanted mice were implanted subcutane- 
ously with placebo or E2 pellets and LDLr" /_ /RAG-2 ' 
mice were switched to the high-fat diet to induce athero- 
sclerotic lesion formation. Mice were sacrificed 11 weeks 
later (at 22 weeks of age). Blood and tissues were col- 
lected as described above. 

Tissue Preparation and Lesion Analysis 

The circulatory system was perfused with 0.9% NaCI by 
cardiac intraventricular canalization. The heart and as- 
cending aorta were removed and kept frozen. Surface 
lesion area was measured by computer-assisted image 
quantification in the aortic root, by a trained observer 
blinded to the genotype and treatment of the mice, as 
previously described 15 but using a Leica image analyzer. 



The rest of the entire aortic tree was removed and 
cleaned of adventitia, split longitudinally to the iliac bifur- 
cation, and pinned flat on a dissection pan for analysis by 
en face preparation. Images were captured using a Sony- 
3CCD video camera and fraction covered by lesions 
evaluated as a percentage of the total aortic area. 



Immunohistochemistry 

Cryostat sections from the proximal aorta were fixed in 
acetone, air-dried, and reacted with a primary rat mono- 
clonal anti-mouse macrophage (clone MOMA-2 from Se- 
rotec, Oxford, UK) used at a 1:50 dilution or a primary 
goat polyclonal anti-CD3 (clone M-20 from Santa Cruz 
Biotechnology, Santa Cruz, CA) used at a 1:100 dilution. 
Then, sections were incubated with corresponding 
preadsorbed secondary biotinylated antibodies (Vector 
Laboratories, Burlingame, CA): binding of rat monoclonal 
anti-macrophage was revealed using biotinylated rabbit 
anti-rat IgG and binding of goat polyclonal anti-CD3 was 
revealed using biotinylated horse anti-goat IgG. The 
binding of the biotinylated antibodies was visualized with 
an avidin DH-biotinylated peroxidase complex (Vec- 
tastain ABC kit, Vector Laboratories) and AEC peroxi- 
dase substrate kit (Vector Laboratories). Countercolora- 
tion was performed using Mayer's hemalun. Macrophage 
and T-cell quantification was determined by scoring sam- 
ples from at least four sections per animal. A minimum of 
three animals was analyzed per group. Two investigators 
who were blinded to the sample identity performed 
analysis. 



Analysis of Plasma Lipids and Lipoproteins 

Serum cholesterol concentrations were determined by an 
enzymatic assay adapted to microtiter plates using corn- 



Table 2. Body Weight, Total Cholesterol, and Aortic Root Lesion Area in Placebo (PI)- or ^ d ^;J7f^^Sj 6 Mice 
Ovariectomized LDLr -/ ~/RAC _/ " Female Mice after Bone Marrow Transplantation from RAG or C57B176 M.ce 



Donor genotype 



Treatment 



Body weight (g) 



Total cholesterol (g/L) 



Lesion area (/xm 2 /section) 



C57BL/6 
RAG-'- 



Pl 
E 2 
PI 



28.1 ± 1.2 
24.9 ± 0.7* 
27.1 ± 0.6 
24.0 ± 0.5* 



9.3 ± 0.8 

6.4 ± 0.7* 
11.1 ± 0.6 

9.9 ± 0.5 



84480 ± 9185 
35333 ± 8317* 
35900 ± 5600 T 
42800 ± 6600 



The animals had been on HFD for 12 weeks. Results are means ± SEM (n & 7). 
*P < 0.05 versus C57Bl/6-transplanled Pl-treated mice. 
f P < 0.05 versus the corresponding Pl-treated mice. 
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Table 3. Body Weigh,, Toca. Cho.es.ero,, and Lesion Are, ,of Ovan ecto™ ^^^^^^^1^^- 
Irtuimnocompetent ApcE"" Control and Immunodeficient ApoE /TCRS . CD4 , CU» , iuu 



Female Mice 


Genotype 




Body weight (g) 




Total cholesterol (g/L) 


NC 


PI 


E2 


NC 


ApoE-' - 

ApoE-'-TCRB-'" 

ApoE- / "CD4- / - 

ApoE-^CDS" 7 - 

ApoE-'-TCRS"'- 

AdoE-'-B"'- 


22.0 ± 0.5 

21.0 ±0.5 
19.5 ± OA 
21.5 ± 0.5 

20. 1 ± OA 


28.7 ± 1.5 
20.9 ± 0.6 t 
21.9 ± 1.2 r 

23.5 ± 0.8* 

27.6 ±1.4 

26.8 ± 0.9 


22,9 ± 0.5* 
21.5 ±0.5 
21.9 ±0.6 
22.9 ± 0.5 
21.9 ±0.1* 
24.3 ± 0.4* 


3A±0.1 
3.0 ± 0.2 

3.0 ± 0.2 

3.1 ± 0.2 
2.9 ± 0. 1 


Data of intad corresponding mice {NC) have been published previously'* and are indicated ,n ilabcs for companson 


Results are means ± SEM 


n V 3 < 0.05 versus corresponding C (placebo-treated) mice. 
f P < 0.05 versus corresponding immunocompetent mice. 






(facte continues) 



mercially available reagents (Roche Molecular Biochemi- 
cals. Germany). Lipoprotein cholesterol profiles were 
obtained by Fast Protein liquid chromatography as pre- 
viously described. 19 

Statistical Analysis 

The results are expressed as means ± SEM. For each 
parameter (body weight, total cholesterol, lesion area), the 
effects of genotype were studied by comparing each im- 
munodeficient group with its corresponding immunocon> 
petent group of mice. The effect of E2 treatment was stud- 
ied comparing placebo- and E2-treated mice in selective 
immunodeficient or in immunocompetent mice. A one-fac- 
tor analysis of variance was used (Bonferroni/Dunn's test); 
P < 0.05 was considered as significant. Statistical analyses 
were performed using the Statview statistical software (Aba- 
cus Concepts, Inc., Berkeley, CA). When appropriate, an 
unpaired Mest was also performed. 



Results 

Immunocompetent Bone Marrow 
Transplantation Restored Both the Level of 
Lesions and E2 Sensitivity in ApoET^/ 
RAG-2'^ and LDLr^VRAG^-'- Mice 

To explore the role of lymphocytes in fatty streak consti- 
tution and E2 prevention, ApoE" / ~/RAG-2- / ovariecto- 
mized female mice received bone marrow transplantation 
from ApoE- / -/RAG-2- / -(ApoE- / -/RAG-2" / -- ApoE ' / 
RAG-2''') or from ApoE-'-/RAG-2 +/+ (ApoE"'-/RAG- 
2 +/+ ApoE _/ ~/RAG-2~ /_ ) mice (Figure 2), and then were 
treated with placebo or E2 pellets. Sixteen weeks after bone 
marrow transplantation, ApoE- /_ /RAG-2 +/+ ^ ApoE"' / 
RAG-2~'~ placebo-treated mice presented a significantly 
higher level of fatty streaks when compared with ApoE ' I 
RAG-2-'" -» ApoE" /_ /RAG-2" / ' placebo-treated mice 
(Table 1). Immunohistochemical analysis showed the 
presence of CD3-reactive cells in lesions obtained from 
ApoE" / "/RAG-2 +/+ -> ApoE'^/RAG-2" 7 " mice but not in 
lesions obtained from ApoE-'-TRAG^-'" ApoE ' / 



RAG-2'' - mice, irrespective of placebo or E2 treatment 
(Figure 3 and data not shown). Importantly, although E2 
was still ineffective in ApoE-^/RAG^- 7 -^ ApoE ' /RAG- 
2 _/ " mice, the protective effect of the hormone was re- 
stored in ApoE-'"/RAG-2 +/+ -+ ApcE^/RAG^"'" mice 
(Table 1). 

Because ApoE-deficiency could be involved in these 
observations and because the RAG-2-deficient mice 
used were not fully backcrossed into the C57/BL6 back- 
ground, similar experiments were performed in the LDLr- 
deficient mice. We first confirmed that E2 significantly 
decreased body weight (26.1 ± 0.6 g versus 23.6 ± 
0.5 g. P < 0.05), serum cholesterol (1 1 .1 ± 0.4 g/L versus 
7.9 ± 0.7 g/L, P < 0.01), and fatty streak deposit 
(119,400 ± 7400 jtm 2 /section versus 41,400 ± 5400 
^m 2 /section for placebo- and E2-treated mice, respec- 
tively; n = 9, P < 0.01) in immunocompetent LDLr 
mice' on a 12-week high-fat diet in agreement with a 
previous report. 20 The effect on fatty streak was abol- 
ished in LDLr'-/RAG-2-'- mice (42,000 ± 13,100 »m 2 f 
section versus 40,300 ± 11,300 /*m 2 /section, respec- 
tively* n = 8) whereas the effect on body weight (24.4 ± 
1 3 g/L versus 22.9 ± 0.9 g/L, P < 0.05) and serum 
cholesterol (9.9 ± 0.4 g/L versus 7.4 ± 0.7 g/L, P < 0.01) 
persisted. Bone marrow graft experiments were also 
performed in this last model of ovariectomized female 
LDLr^/RAG^ - '" mice. As shown in Table 2, Placebo- 
treated LDLr- / "/RAG-2- / - mice that had received 
C57BL/6 bone marrow, presented a significantly higher 
level of fatty streaks when compared with those that had 
received RAG-2 - '" bone marrow. Again, although _E2 
remained ineffective in RAG-2"/- ^ LDLr"' /RAG-2 '" 
mice, the protective effect of the hormone was restored in 
C57BL/6 -> LDLr- / -/RAG-2" / " mice (Table 2), 

Effect of E2 Treatment on Body Weight and 
Serum Lipids in Immunocompetent and 
Selectively Immunodeficient ApoE~ y ~ Mice 

We then asked whether the protective effect of E2 could 
be mediated by a specific T-lymphocyte subset or B 
lymphocytes, considering the hormonal effect in selec- 
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Table 3- Continued 



Total cholesterol (g/L) 




Lesion area (fim 2 /section) 




PI 


E2 


NC 


PI 


E2 


5.6 ± 0.3 
4.4 ± 0.2* 
5.8 ± 0.5 
5.6 ± 0.4 
5.6 ± 0.3 
4.6 ± 0.2 f 


3.1 ± 0.2* 

3.1 ± 0.2* 

2.7 ± 0.2* 

3.2 ±0.1* 

2.8 ± 0.2* 
2.6 ± 0.3* 


73,214 ± 2963 
37,048 ± 4749 
77,745 ± 12,629 
76,909 ± 4722 
57,589 ± 3737 


113,465 ±5288 
65.053 ± 7753* 
114,835 ±21,656 
110.537 ± 16,142 
101,557 ±8125 
93,432 ± 11,183 


36.299 ± 1979* 
37.104 ± 4418* 
42,541 ±5431* 
47,782 ± 1 1 ,285* 
27.730 ± 3637* 
38,348 ± 5752* 



tively immunodeficient ApoE _/ ~ female mice. The statis- 
tical analysis presented in Table 3 refers to comparisons 
of each group of immunodeficient mice with its corre- 
sponding immunocompetent group. Data from a group of 
10 ApoE~'~ female mice are given for comparison (Table 
3, line 1). 

Uterine weight was <20 mg in ovariectomized mice 
and increased to 172 ± 13 mg on average with E2 
treatment, showing that the level of E2 stimulation was 
similar in all genotypes. Body weight decreased, reflect- 
ing mainly adipose tissue reduction, in immunocompe- 
tent ApoE~'~ control and in immunodeficient ApoE / 
TCRS~ 7 ~ and ApoE~ 7 ~/B"~ /_ mice under E2 treatment. 
In the immunodeficient ApoE-^/TCR/T 7 -, ApoE 7 I 
CD4 -/ - and ApoE _/ -/CD8- 7 - mice, body weight was 
lower in placebo-treated mice when compared to their 
immunocompetent littermates and was not influenced by 
E2, suggesting a role for TCRa/3 + T lymphocytes in 
weight regulation. Total serum cholesterol wasjower in 
ovariectomized ApoE-^/TCR/r 7- and ApoE 7 IB 
when compared with their respective immunocompetent 
littermates and decreased under E2 treatment in all 
strains. Fast performance liquid chromatography showed 
that the E2-induced decrease concerned the very low- 
density lipoprotein, intermediary/low-density lipoprotein, 
and high-density lipoprotein fractions (see Supplemental 
Figure A at http://aJp.amjpathol.org) in agreement with our 
previous report. 15 

Effect of E2 Treatment on Lesion Area in 
Immunocompetent and Selectively 
Immunodeficient ApoE-'' Mice 

At the level of the aortic root, the lesion area of ovariec- 
tomized immunodeficient mice given placebo did not 
differ significantly from the corresponding immunocom- 
petent mice except for the ApoE-'-/TCR/3 1 mice, 
which presented a decreased level of lesions (Table 3). 
E2 treatment induced a significant decrease of fatty 
streak development in all groups of mice, including the 
ApoE~ / "7TCR/T / " strain. To further analyze the influence 
of serum cholesterol on the lesion formation, we sought to 
analyze subgroups of mice with comparable serum cho- 
lesterol levels. Such subgroups could be selected among 



the whole series of immunocompetent mice that serve as 
control for the immunodeficient groups (ie, a total of 50 
Pl-treated and 50 E2-treated mice) with cholesterolemia 
arbitrarily encompassed between 4 and 6 g/L. In these 
subgroups of ovariectomized placebo {n - 19)- and E2 
{n - 12)-treated mice, with similar serum cholesterol 
(5 0 ± 0.1 g/L and 4.9 ± 0.1 g/L, respectively; P = 0.67), 
lesion area still dramatically differed (109,824 ± 4304 
^/section and 35,722 ± 4206 ju^/section, P < 0.001 ), 
strongly suggesting that the E2-induced decrease of se- 
rum cholesterol is not the main factor preventing fatty 
streak formation. 

Histo- as well as immunohistochemical analysis 
showed that under E2 treatment, residual lesions were 
essentially fatty streaks containing lipid-laden macro- 
phages, with few characteristics of advanced lesions 
such as fibrous caps and were substantially less complex 
than lesions in ovariectomized ApoE ; control mice (not 
shown). Remarkably, T lymphocytes were still detectable 
at a comparable density (2 ± 1%) in these residual 
lesions (Figure 4). Similar observations were made in all 
of the series of specifically immunodeficient mice includ- 
ing the ApoE-^/TCR/r 7 " (Figure 4). 

In the rest of the aorta, lesions were identifiable by en 
face analysis at predilection sites including the aortic 
arch and the orifices of the brachiocephalic, left subcla- 
vian, common carotid, and intercostal arteries. However, 
the level was low (<3.0% of the total aortic area) except 
in the ApoE' / *7CD4- / - group of mice (13.5 ± 3.0%, n = 
3). In this last group, lesions were observed at the pre- 
dilection sites and also at the orifice of the large abdom- 
inal arteries, in particular the celiac trunk and renal arter- 
ies. E2 induced a spectacular (more than fivefold) 
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Appear** 




Figure 4. Anti-CD3 immunolabeling of representative lesions from ovariec- 
tomized ApoE-'-, ApoE-'-ZTCR^-, and ApoE"' VTCR5 mice after 3 
months of treatment with E2 pellets. 
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Figure 5. Representative en face aorta preparations from placebo- and E2- 
treated ovariectomized ApoE~ /_ /CD4~ ; ~ mice. 

protective effect at these different sites, especially in the 
ApoE~'~/CD4~ /_ group (<3.0%, n = 3; Figure 5). 



Discussion 

The present results definitely demonstrate that, in the 
C57BU6 mouse strain, mature lymphocytes are required 
for the preventive effect of E2 on the atheromatous pro- 
cess irrespective of the model of genetically-induced 
hypercholesterolemia, namely ApoE 1 and LDLr 
mice. Indeed, after bone marrow transplantation from 
immunocompetent donors into immunodeficient mice, 
lymphocytes were recovered in the lesions and a signif- 
icant increase in the level of these lesions could be 
demonstrated. Most importantly, E2 activity was restored 
after bone marrow transplantation from immunocompe- 
tent donors, while E2 was still inactive after bone marrow 
transplantation from immunodeficient donors to the im- 
munodeficient recipients. 

Like our data obtained in intact nonovariectomized 
mice, 12 the measurement of lesion area in placebo- 
treated ovariectomized mice show a similar level of le- 
sions in immunocompetent and immunodeficient mice, 
except in the ApoE-'-fTCRp-'" mice, supporting the 
deleterious role of ap T lymphocytes in the atheromatous 
process. Noteworthy, considering our previous 12 and 
present data, a protective effect of endogenous ovarian 
estrogens could be demonstrated in all strains because 
ovariectomized mice developed a higher level of lesions 
than intact mice. This observation is in accordance with a 
previous report. 21 Moreover. E2 treatment, administered 
at a dose previously defined as adequate for a maximal 
effect, 15 induced a significant decrease in lesion size in 
all groups of mice (Table 3). Except in ApoE '""/TCR/3 ' 
mice, the residual lesion level was lower than that mea- 
sured in intact female mice. 12 In addition, en face analysis 
showed that the effect of E2 was not restricted to the 
aortic sinus. Interestingly, E2 exerted a stronger preven- 
tive effect of lesion development in the thoracic and 
abdominal sites than at the level of the aortic sinus, 
particularly in ApoE- / 7CD4" / - mice (Figure 5). Although 
the selective immune deficiency may generate compen- 
satory expansion of other lymphocyte subsets, such as 
ApoE'^/CEM - '" mice presenting with a greater number 



of CD8 + and double-negative CD4-CD8 cells than 
ApoE" ; " mice, 12,22 we demonstrate here that E2 was 
active in all strains, suggesting that no single T-lympho- 
cyte subpopulation directly mediated the protective ef- 
fect. This included the populations of regulatory T cells 
able to control the expansion and differentiation of acti- 
vated T cells 23 ' 24 and the TCR 7 5 + T cells. E2 has been 
recently claimed to induce one of these regulatory T- 
lymphocyte subpopulations 25 ' 26 suggesting that it could 
play a key role in the suppression of harmful immune 
responses. Our data do not support such a hypothesis in 
the atherosclerotic process. Finally, the protective effect 
was also maintained in B-lymphocyte-def icient mice. This 
excluded a protective role mediated by immunoglobulins 
that are known to increase under E2 stimulation 2 ^and 
have been suggested to prevent atherosclerosis 2 

Interestingly, E2 administration significantly decreased 
serum cholesterol levels in nearly all conditions analyzed 
in the present work. However, although serum cholesterol 
level remains a key determinant of atherosclerosis, sev- 
eral lines of evidence support the fact that the protective 
effect of E2 occurs mainly at the level of the arterial wall. 
First although E2 decreased serum cholesterol levels in 
immunodeficient LDLr~'~/RAG-2~'~ mice (the present 
work) as well as ApoE-'-7RAG-2-'- mice 14 to a similar 
extent than in immunocompetent mice, it was completely 
inactive on lesion area. Second, although the maximal 
decrease of serum cholesterol was obtained with endog- 
enous E2 (Table 3), the maximal decrease in lesion area 
required higher E2 doses, in line with previous re- 
ports. 15 ' 21 Third, in subgroups of ovariectomized place- 
bo- or E2-treated ApoE" 7 " mice arbitrarily selected for 
similar serum cholesterol levels, fatty streak area was 
threefold lower in the latter group. Indeed, using choles- 
terol-clamped rabbits, Holm and colleagues 31 had previ- 
ously demonstrated a plasma lipid-independent anti- 
atherogenic effect of estrogen, in line with Adams and 
co-workers 32 who suggested, as early as 1990 t a similar 
conclusion in surgically postmenopausal monkeys. 

Altogether, these series of observation points to one 
(or more) additional lymphocyte-dependent mecha- 
nism^) involved in the protective effect of E2. E2 is a 
negative regulator of lymphopoiesis, that selectively de- 
pletes functional precursors of B and T cells. 33 It also 
inactivates the intrathymic T-cell differentiation pathway 
and induces thymocyte apoptosis. 34 Indeed, we ob- 
served a remarkable 80% thymic atrophy (85.2 ± 7.5 mg 
versus 14.1 ± 1.8 mg) and 50% decrease of circulating 
lymphocytes in our E2-treated ApoE"'" mice (6804 ± 
568 per M l versus 3520 ± 215 per & P < 0.001). How- 
ever, in agreement with Hodgin and colleagues, 35 T lym- 
phocytes were still detectable in the residual lesions (Fig- 
ure 3), showing that, despite their decrease in blood, 
lymphocytes could still reach and infiltrate the remaining 
lesions. 

The protective effect could also be mediated through 
the modulation of the interactions between lymphocytes 
and other cell populations, such as endothelial and/or 
antigen-presenting cells, leading to a local control of the 
intimal immune process. First, Shi and colleagues • 
recently provided strong evidence for the crucial role of 
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endothelial cells rather than hematopoietic cells as de- 
terminants of atherosclerosis susceptibility in C57BU6 
mice. Second, decreased proinflammatory 38 " 40 or in- 
creased anti-inflammatory cytokine 41,42 production re- 
sulting from the local interaction between lymphocytes 
and antigen-presenting cells could explain the protective 
effect of E2. Indeed, it has recently been reported that 
estrogens repress Th1 activity and T-cell production of 
the key inflammatory cytokine tumor necrosis factor-a in 
bone 43 but we reported the opposite effect in antigen- 
specific CD4 + or NKT cell response 44 * 45 Further work 
will be necessary to precisely define the mechanisms of 
these interactions. 

In conclusion, we have demonstrated that lympho- 
cytes are instrumental in the protective effect of E2 but 
that no single lymphocyte subpopulation is specifically 
required for this effect. These data point to additional 
lymphocyte-dependent mechanisms such as modulating 
the interactions among lymphocytes and between lym- 
phocytes and endothelial and/or antigen-presenting 
cells. 
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The peroxisome proiiferator-activated receptor Y (PPARy) is a nuclear receptor that regulates fat-ceil 
development and glucose homeostasis and is the molecular target of a class of insuhn-sensitmng 
agents used for the management of type2 diabetes mellitus. PPARy is highly expressed in macrophage 
foam cells of atherosclerotic lesions and has been demonstrated in cultured macrophages to both 
positively and negatively regulate genes implicated in the development of atherosclerosis. We report 
here that the PPARy-specific agonists rosiglitazone and GW7845 strongly inhibited the development 
of atherosclerosis in LDL receptor-deficient male mice, despite increased expression of the CD36 
scavenger receptor in the arterial wall The antiatherogenic effect in male mice was correlated with 
improved insulin sensitivity and decreased tissue expression of TNF-a and gelatinase B, indicating 
both systemic and local actions of PPARy. These findings suggest that PPARy agonists may exert 
antiatherogenic effects in diabetic patients and provide impetus for efforts to develop PPARy hgands 
that separate proatherogenic activities from antidiabetic and antiatherogenic activities. 

F F 6 J.CHn.Invest 106:523-531 (2000). 



Introduction 

Complications of atherosclerosis are the leading cause 
of death in Western societies and have an extremely 
high incidence in individuals with type 2 diabetes mel- 
litus (1, 2). Atherosclerosis is initiated by the accumu- 
lation of plasma LDL in the arterial wall, its oxidation, 
and the recruitment of circulating monocytes (3, 4). 
Once monocytes in the arterial intima have undergone 
phenotypic transformation to macrophages, they take 
up oxidized LDL (oxLDL) via several scavenger recep- 
tors that include scavenger receptor A (SR-A), CD36, 
and macrosialin (5-7). This results in massive choles- 
terol accumulation and formation of foam cells. Inter- 
actions between oxLDL, macrophages, smooth muscle 
cells infdtrated from the arterial media, and T cells 
recruited from the circulation result in a chronic 
inflammatory condition that is thought to influence 
the further evolution of early atherosclerotic lesions 
toward more advanced, clinically relevant lesions (8). 
Interactions between arterial cells are mediated by an 
array of cytokines and adhesion molecules (9), and 
increasing experimental evidence suggests that many 
of these factors promote atherogenesis. For example, 
hypercholesterolemic mice in which the gene encoding 



macrophage chemotacric protein 1 (MCP-1) has been 
disrupted are resistant to the development of athero- 
sclerosis (10, 1 1). In analogy, disruption of the SR-A and 
CD36 genes results in a significant reduction of hyper- 
cholesterolemia-induced atherosclerosis in mice (12, 
13). These observations suggest that interventions 
directed at altering the genetic responses of vascular 
cells to proatherogenic stimuli, such as hypercholes- 
terolemia, may be beneficial. 

Several regulatory pathways have been identified that 
control the expression of potentially atherogenic genes. 
These include NF^kB, a transcription factor involved in 
the regulation of many proinflammatory factors and 
adhesion molecules, such as TNF-a and gelatinase B 
(14, 15). Recent studies have also documented the 
expression of the peroxisome proliferator-activated 
receptor y (PPARy) in macrophage foam cells, endothe- 
lial cells, and smooth muscle cells of human and 
murine atherosclerotic lesions (16-20). PPARy is a 
member of the nuclear receptor superfamily of ligand- 
dependent transcription factors that both positively 
and negatively regulate gene expression in response to 
the binding of a number of fatty acid metabolites, 
including oxidized linoleic acid (9- and 13-HODE) and 
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15 deoxy A 2 * 14 prostaglandin J 2 (21-23). PPARy is 
expressed in many other tissues and is particularly 
highly expressed in fat. PPARy promotes adipocyte dif- 
ferentiation in vitro and has recently been shown to be 
essential for the development of adipose tissue in vivo 
(24-26). PPARy also appears to play a critical role in 
glucose homeostasis, because it is the molecular target 
of a classof insulin-sensitizing drugs referred to as thi- 
azolidinediones (TZDs) (27). 

The biological roles of PPARy in the macrophage and 
its effectson atherosclerosis are uncertain. PPARy-spe- 
cific ligands have been shown to inhibit the expression 
of a number of proinflammatory genes, including 
TNF-a, IL-lfr iNOS, and gelatinase B (28, 29). These 
findings suggested that PPARy functions as a negative 
regulator of macrophage activation and that synthet- 
ic PPARy ligands might exert anti-inflammatory and 
antiatherogenic effects. Consistent with this, PPARy 
ligands have recently been shown to inhibit inflam- 
matory bowel disease in a rodent model (30). Howev- 
er, PPARy has also been shown to stimulate transcrip- 
tion of the CD36gtne (19, 21). In conjunction with the 
finding that PPARy can be activated by 9- and 13- 
HODE present in oxLDL, a "PPARy cycle" has been 
proposed in which oxLDL lipids would induce the 
activity of PPARy, leading to increased expression of 
CD36, which in turn would increase the uptake of 
oxLDL This cycle would thus promote foam-cell for- 
mation and atherosclerosis. 

Resolving the question of whether PPARy agonists 
promote or inhibit atherosclerosis is of clinical impor- 
tance because many patients with type 2 diabetes, who 
are at high risk of developing atherosclerosis and its 
complications, are currently using PPARy agonists for 
the control of hyperglycemia. To determine whether 
the activation of PPARy promotes or inhibits the devel- 
opment of atherosclerosis in an animal model, we 
administered two structurally distinct PPARy-specific 
ligands to LDL receptor-deficient (LDLR"/') mice fed a 
Western-style diet and measured their effects on lipid 
and glucose metabolism, extent of atherosclerosis, and 
expression of potential target genes in the artery wall. 
Both PPARy-specific ligands exerted potent antiathero- 
genic effects in male mice despite upregulation of 
CD36 mRNA. Antiatherogenic effects correlated with 
improved insulin sensitivity and inhibition of TNF-ct 
and gelatinase B expression. 

Methods 

Animals and diet. A breeding colony was generated from 
the tenth-generation homozygous LDLR~/~ mice in a 
C57BL/6 background (The Jackson Laboratories, Bar 
Harbor, Maine, USA). In three separate experiments, 
three groups of both males and females were matched 
for age (8 to 12 weeks), plasma cholesterol, and glucose 
levels before feeding. Four animals were housed per cage 
and in a facility with an 1 1-hour light cycle (light, 7 am 
to 6 pm). All three groups were fed a Western-style diet 
consisting of 0.01% added cholesterol and 21% milk fat 



(TD98338; Harlan-Teklad, Madison, Wisconsin, USA), 
which induced extensive atherosclerosis in the aortic ori- 
gin, but not in the descending aorta at 10 weeks. In addi- 
tion to the diet, one group received rosiglitazone and 
another group received GW7845.The animals were fed 
3-4 g food/mouse/day with adrug delivery of 20 mg/kg 
of body weight/day. New batches of food/drug were pre- 
pared weekly and stored at 4°C. The amount of food 
given and the food left remaining were weighed daily. 
The animals were weighed every 2 weeks, and the drug 
dosages were adjusted accordingly. To induce extensive 
atherosclerosis in the aorta, in a separate experiment 
male mice were fed a diet containing 1.25% cholesterol 
and 21% milk fat CTD96121; Harlan-Teklad) for 4 
months. Two weeks before sacrifice, the animals were 
divided into three groups. A control group received the 
diet treated only with the solvent, the second group 
received the diet together with rosiglitazone (20 
mg/kg/day), and the third group received the diet and 
GW7845 (20 mg/kg/day). All animals had ad libitum 
access to water. The animal experiments were performed 
according to NIH guidelines and were approved by 
UCSD's Animal Subjects Committee. 

Glucose, insulin, and lipid levels. Retro-orbital bleeds 
were performed before the start of the studies and every 
4 weeks thereafter until the animals were sacrificed at 
10 weeks. The animals were bled, nonfasted, at 10 am 
and blood was drawn up in EDTA-coated microcapil- 
lary tubes. Plasma was isolated from whole blood and 
glucose levels were determined, using a Precision QID 
glucometer (MediSense Inc., Bedford, Massachusetts, 
USA). Insulin levels were determined using a competi- 
tive radioimmunoassay (Linco Research Inc., St. 
Charles, Missouri, USA). Plasma cholesterol and 
triglyceride levels were measured by enzymatic meth- 
ods using an automated bichromatic analyzer (Abbot 
Diagnostics, Dallas, Texas, USA). To determine the 
lipoprotein profiles, remaining terminal plasma sam- 
ples were pooled according to the animals' respective 
groups, and the cholesterol content of lipoprotein frac- 
tions in plasma was determined by FPLC. One hundred 
milliliters of the pooled plasma was loaded onto a 
Superose 6B column, and 250 \lL of sample fractions 
were collected and analyzed for cholesterol. 

Oral glucose tolerance test Two weeks before the mice 
were sacrificed, oral glucose tolerance tests were per- 
formed. Animals were fasted for 4 hours. Animals were 
gavaged with glucose (0.75 mg/g body weight) using 
20% glucose. Blood samples (25 uL) were taken at 0, 15, 
30, 60, and 90 minutes. Glucose levels were determined 
in whole blood and insulin levels in plasma. 

Hemoglobin At* nonesterified fatty acid, HDL* and drug 
levels. Whole blood and plasma were sent to Glaxo Well- 
come Research Institute (Research Triangle Park, 
North Carolina, USA) for analysis for HbA u , HDL Cj 
and nonesterified fatty acid (NEFA) levels. The plasma 
was isolated immediately and quickly frozen in liquid 
nitrogen to prevent the breakdown of NEFA. Drug lev- 
els were determined by mass spectrometry. 
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Tissue preparation and morpbometric analysis of athero- 
sclerotic lesions. The hearc was perfused from its apex 
with cold PBS treated with diethylpyrocarbonate 
(DEPC). The heart, containing the aortic origin, was 
carefully dissected. The upper half of the heart was 
placed in a fixative containing 4% paraformaldehyde, 
5% sucrose in PBS, pH 7.4, and fixed overnight, fol- 
lowed by alcohol dehydration and paraffin embedding. 
For morphometric determination of atherosclerosis, 
serial 9-uvm-thick sections were cut from the apex 
toward the base of the heart. Sections containing the 
aortic origin, totaling 180 urn in length, were stained 
with a modified van Gieson's elastin stain to enhance 
the contrast between the atherosclerotic intima and the 
surrounding tissue (31): Analysis was performed on 
every other section (» - 8-10 per mouse). Thus, a total 
length of 180 of the aortic origin was examined. 
Quantification of atherosclerosis was performed using 
computer-assisted image analysis, as described previ- 
ously (32). All morphometry was performed by the 
same investigator blinded to the tissue identity. 

RNA isolation from aortic valves and aortas. The upper half 
of the hearts, containing the aortic valves and the aortas, 
extending from the root to the second intercostal region 
and up to the carotids, were weighed and flash frozen in 
liquid nitrogen and stored at -80°C. Isolation of total 
RNA was performed using RNeasy kit (QIAGEN Inc., 
Valencia, California, USA) according to the manufac- 
turer's protocol. Total RNA was treated with deoxyri- 
bonudease I (QIAGEN Inc.) for 20 minutes at room tem- 
perature to remove contaminating genomic DNA. The 
amount of RNA was determined by spectrophotometry, 
and 200 ng of RNA was loaded onto a 1.5% agarose gel 
to determine its quality before analysis. 

RT-PCR-based quantitative gene expression analysis. 
Real-time detection of PCR was performed at the 
Center for Aids Research Genomics Core of the Vet- 
erans Medical Research Foundation in La Jolla, Cali- 
fornia, USA. Using the Perkin-Elmer ABI Prism 7700 
and Sequence Detection System software (Perkin- 
Elmer, Foster City, California, USA), the differential 
displays of mRNAs for TNF-ct, MCP-1, VCAM-1, 
gelatinase B, macrosialin, CD36, and SR-A were 
determined. Briefly, 1 tig of total RNA was used to 
generate cDNA using an oligo dT oligodeoxynu- 
cleotide primer (Tims) Following the protocol for 
Omniscript (QIAGEN Inc.). The following primers 
and probes were made: TNF-a: 5'CGGAGTC- 
CGGGCAGGT 3' (forward), 5' GCTGGGTAGAGAATG- 
GATGAACA 3' (reverse), 5' ACTTTGGAGTCATTGCTCT- 
GTGAAGGG AATG 3' (probe); MCP-1: 5' 
CAGCCAGATGCAGTTAACGC 3' (forward), 5' GCC- 
TACTCATTGG G ATC ATCTTG 3' (reverse), 5' CCACT- 
C ACCTG CTGCTACTCATTCACC A 3' (probe); VCAM-1: 
5' TGC GAGTCACCATTGTTCTCAT 3' (forward), 5' 
CATGGTCAGAACGGACTTGGA 3' (reverse), 5' ACCCA- 
GATAGACAGCCCACTAAACGCGAA 3' (probe); gelati- 
nase B: 5' TCACCTTCACCCGCGTGTA 3' (forward), 5' 
GTGCTCCGCGACACCAA 3' (reverse), 5' ACCCGAAGCG- 



GACATTGTCATCCAG 3' (probe); macrosialin: 5' CAAG- 
GTCCAGGGAGG TTGTG 3' (forward), 5' CCAAAG- 
GTAAGCTGTCCATAAGGA 3' (reverse), 5' CGGTACC- 
CATCCCCACCTGTCTCTCTC 3' (probe); CD36: 5' 
TCCAGCCAATGCCTTTGC 3' (forward), 5' TGGAGAT- 
TACTTTTCAGTG C AG AA 3' (reverse), 5' TCACCCCTCCA- 
G AATCC AG AC AACC A 3' (probe); SR-A: 5' CATGAACGA- 
GAGGATGCTGACT 3' (forward), 5^ 

GGAAGGGATGCTGTCATTGAA 3' (reverse), 5' 
CAGTTCAGAATCCGTG AAATTTGACG CAC 3' (probe); 
and GAPDH: 5' CCACCCATGGCAAATTCC 3' (forward), 
5' TGGGATTTCCATTGATGACAAG 3' (reverse), 5' 
TGGCACCGTCAAGGCTGAGAACG 3' (probe). Equal 
amounts of cDNA were used in triplicate and ampli- 
fied with the Taqman Master Mix provided by 
Perkin-Elmer. Amplification efficiencies were vali- 
dated and normalized against GAPDH and 
nanograms of product were calculated using the 
standard curve method for quantitation against 
cDNA that was reverse transcribed from isolated aor- 
tas of LDLR-/- mice fed a 1.25% cholesterol and 21% 
milk-fat diet for 4 months. Total RNA that was not 
reverse transcribed was also analyzed to determine 
genomic DNA contamination. 

Statistical analysis. Groups were compared by ANOVA 
and unpaired t tests using the StatView analysis pro- 
gram (SAS Institute Inc., Cay, North Carolina, USA). 
Data are expressed as the mean plus or minus SEM. 

Results 

Intervention studies were performed in LDLR - '" mice 
fed a Western-style diet for 10 weeks, starting at age 
8-12 weeks. To reduce the possibility that effects of a 
single PPARy ligand on atherosclerosis resulted from 
PPARy-independent mechanisms, two distinct PPARy 
agonists were used: rosiglitazone and GW7845. Rosigli- 
tazone is a member of the TDZ class of insulin sensitiz- 
ers that was developed using rodent models of type 2 
diabetes. It has an effective concentration of 50% (ECso) 
for murine PPARy of 76 nM (33). GW7845 is a member 
of the tyrosine-based class of insulin sensitizers that was 
developed using human PPARy as a molecular target. It 
has an EC 5 o for murine PPARy of 1.2 nM (33). Both 
drugs are highly specific for PPARy, with ECso for 
PPARoc and PPAR8 in excess of 10 (33). We initially 
performed a pilot study using a calculated dose of 20 
mg rosiglitazone/kg/day to establish appropriate 
dietary cholesterol content and extent of atherosclero- 
sis. Rosiglitazone exerted a significant antiatherogenic 
effect in male mice in this study, but not in female mice 
(data not shown). However, because the 1.25% added 
dietary cholesterol resulted in serum cholesterol levels 
in excess of 2,000 mg/dL, a potential protective effect in 
females could have been overwhelmed. Two subsequent 
intervention studies were therefore carried out in which 
the added cholesterol was reduced to 0.01%. Each exper- 
iment resulted in the same pattern of responses to 
dietary and drug treatments, and the data from the two 
studies were pooled to increase statistical power. 
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Table 1 

Average weights, cholesterol, triglyceride, and HPU levels 



Weight 
g 

Males 

Control = 10) 

T - 0 weeks 24.4 ±0.8 

T - 4 weeks 36.7 ±1.2 

T - 8 weeks 38.9 ±1.3 

T - 1 0 weeks 42.5 ±1.4 

Ro(/f-12) 

T-0 weeks 26.1 ±0.9 

T- 4 weeks 36.7 ±1.3 

T - 8 weeks 38.6 ±1.4 

T - 1 0 weeks 40.4 ±1.3 

GW7845(fl-10) 

T-0 weeks 26.3 ±0.9 



T - 4 weeks 
T - 8 weeks 
T - 1 0 weeks 



33.5 ±3.5 
39.9 ±1.0 
41.7 ±2.2 



Total Triglycerides 
Cholesterol mg/dL 
mg/dL 



258 ±11 
1258 ±143 
1552 ±83 
1549 ±89 



245±10 
1258±103 
1371±72 
1440 ±69 



128±17 
1150±195 
1279 ±170 
1226±153 



121 ±20 
1150±265 
1366 ±134 
1541 ±126 



249±9 116±22 

1275±168 1406±276 

1533 ±81 1790 ±184 

1626±109 1507±200 



HDU 
mg/dL 



127±5 



115±4 A 



123±3 



Weight 
g 

Females 

Control (n-10) 
T-0 weeks 19.0 ±0.7 
T - 4 weeks 24.1 ±1.9 
T - 8 weeks 27.2 ±1.3 
T- 10 weeks 28.4 ±1.7 

Ro (n-10) 

T-0 weeks 20.4 ±0.5 

T- 4 weeks 23.7 ±1.1 

T- 8 weeks 27.6 ±1-1 

T- 10 weeks 29.7 ±1.3 

CW7845 {n - 7) 
T-0 weeks 20.0 ±0.8 
T - 4 weeks 25.0 ±1.1 
T - 8 weeks 28.6 ±1.2 
T - 1 0 weeks 28.5 ±1.4 



Total 
Cholesterol 
mg/dL 



Triglycerides HDU 
mg/dL mg/dL 



235 ±12 
1053 ±97 
1211 ±68 
1240 ±109 



242 ±6 
1027±6 
1395 ±81 
1513*55* 



232±11 
1139±82 
1395±90 
1449 ±136 



37±12 
576 ±258 
621 ±207 
722 ±241 



47±11 
624 ±24 
1000±107 
1251 ±69 B 



115±4 



96 ±3 9 



48 ±12 
927 ±145 
1049±131 

1228±157 B 104±4 A 



Data are expressed as the mean ± SEM; n represents the number 
rosiglitazone. A P < 0.05 and B P < 0.005, drug treatment group vs. 



of mice per group. Values were determined in plasma samples from nonfesting animals. Ro, 
control group. 



Ac a dose of 20 mg/kg/day, rosiglitazone plasma lev- 
els averaged 6.4 plus or minus 0.06 u^/mL in male mice 
and 5.1 plus or minus 0.69 \ig/mL in female mice at 10 
weeks. GW7845 levels averaged 3.2 plus or minus 0.39 
Ug/mL in male mice and 3.2 plus or minus 0.46 ng/mL 
in female mice after 10 weeks of treatment. These 
serum levels are sufficient to exert inhibitory effects on 
proinflammatory gene expression in vitro (29). All ani- 
mals appeared healthy throughout the study. Serum 
aspartate aminotransferase and alkaline phosphatase 
levels were used to assess potential liver toxicity and 
were not altered at the end of the srudy (data not 
shown). Histologic analysis of the bone marrow indi- 



cated a significant increase in percentage of marrow fat, 
and marked extramedullar hematopoiesis was 
observed in both male and female mice (data not 
shown). There were no significant changes in complete 
blood counts or hemoglobin. Data for body weight, 
total cholesterol, triglycerides, and HDU at specific 
time points are presented in Table 1. The body weights 
in all groups increased during the intervention period, 
but the relative weight gain in males was greater than 
that in females. The Western diet resulted in a marked 
increase in total cholesterol within 1 month; the total 
cholesterol then remained constant at approximately 
1,500 mg/dL in males. There was a slight increase in 



Table 2 

Average glucose, insulin, HbAic, NEFA levels 



Males 

Control (n-10) 

T-0 weeks 
T - 4 weeks 
T - 8 weeks 
T- 10 weeks 

Ro (/i -12) 
T-0 weeks 
T - 4 weeks 
T - 8 weeks 
T- 10 weeks 
CW7845 (n-10) 

T-0 weeks 
T - 4 weeks 
T - 8 weeks 
T - 1 0 weeks 



Glucose 
mg/dL 



307 ±20 
211 ±24 
245 ±14 
344 ± 22 



282 ±13 
211 ±11 
207 ±8 
315 ± 10 



317 ± 8 
211 ±13 
204 ±14 
311 ±13 



Insulin 
ng/mL 



1.12±0.17 
1.38 ±0.25 
4.18 ±0.41. 
4.24 ±0.30 



0.95 ±0.08 
1.38 ±0.11 
2.03 ±0.44 
1.45±0.33» 



1.01 ±0.18 
1.54 ±0.49 
2.01 ±0.32 
1.65±0.36 B 



HbAn 
% 



NEFA 
mEq/L 
Females 
Control (n-10) 



5.50 ±0.1 6 
5.62 ±0.11 
5.29 ±0.07 

5.31 ±0.13 0.60 ±0.06 



5.46 ±0.11 
5.62 ±0.11 
5.08 ±0.13 

4.91 ±0.12 A 0.65 ±0.04 



T-0 weeks 
T - 4 weeks 
T - 8 weeks 
T - 1 0 weeks 

Ro (n-10) 
T-0 weeks 
T - 4 weeks 
T - 8 weeks 
T- 10 weeks 



Glucose 
mg/dL 



267±11 
299 ±14 
273 ±21 
347±16 



210±10 
216±10 
312±11 



5.78 ±0.06 
5.76 ±0.11 
5.32 ±0.09 
4.81 ±0.16* 



0.63 ±0.05 



GW7845 (n - 

T-0 weeks 
T - 4 weeks 
T - 8 weeks 
T - 10 weeks 



7) 



261 ±14 
225±16 
190±6 
311 ± 13 



Insulin 
ng/mL 



0.55 ±0.04 
1.4810.18 
1.95 ±0.49 
1.44 ±0.30 



HbAu 
% 



5.57 ±0.15 
5.39 ±0.05 
4.96 ±0.10 
5.11 ±0.16 



250 ±8 0.63 ±0.13 5.39 ±0.15 



0.75 ±0.05 
1.91 ±0.53 
0.93 ±0.33 



0.94 ±0.13 
1.07 ±0.15 
1.75 ±0.59 
1.29 ±0.37 



5.78 ±0.03 
4.94 ± 0.09 
4.87 ± 0.07 



5.20 ±0.16 
5.47 ±0.1 2 
4.75 ± 0.07 
4.80 ±0.1 6 



NEFA 
mEq/L 



0.64 ±0.06 



0.85 ±0.11 



0.81 ±0.08 



Data are expressed as the mean ± SEM; n represents the number of mice per group. Values were 
rosiglitazone. *P < 0.05 and B P < 0.005, drug treatment group vs. control group. 



determined in plasma samples from nonfasting animals. Ro, 
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cholesterol levels of created females, but this effect only 
reached statistical significance (P - 0.05) in the rosigli- 
tazone treatment group after 10 weeks. Triglycerides 
were significantly increased and HDLc levels were 
decreased in female mice treated with rosiglitazone or 
GW7845. A decrease in HDL C levels was seen in male 
mice treated with rosiglitazone only. 

PPARyligands inhibit the development of atherosclerosis in 
mak mice. Atherosclerosis at the aortic origin was deter- 
mined by computer-assisted image analysis as 
described previously (32). Male and female control ani- 
mals exhibited similar levels of atherosclerosis. Lesions 
were observed underneath most of the valve 
leaflets, with some lesions exhibiting areas of ^ 
central necrosis (Figure 1 a). Macroscopical- 
ly detectable lesions were generally absent 
from the thoracic or abdominal aorta (data 
not shown). Markedly fewer and smaller 
lesions were found in male mice that were 
treated with either rosiglitazone or GW7845, 
with quantitative analysis indicating a 60 to 
80% reduction in lesion area (Figure lb). In 
contrast, the extent of atherosclerosis in 
female mice treated with either rosiglitazone 
or GW7845 was not statistically different 
from that in control mice, confirming the 
findings of the initial pilot study. 

Metabolic effects of PPARyligands. To investi- 
gate possible mechanisms accounting for 
antiatherogenic effects of PPARyligands in 
male mice and lack of these effects in female 
mice, lipoprotein levels were evaluated in 
control and treatment groups. Fast-per- 
formance liquid chromatography (FPLC) 
analysis of pooled terminal serum samples 
indicated that GW7845 and rosiglitazone 
had no effect on the lipoprotein profile in 
male mice (Figure 2a). In contrast, in female 
mice the VLDL, IDL, and LDL fractions were 
increased and the HDL fraction decreased in 
both the rosiglitazone and GW7845 treat- 
ment groups (Figure 2b). 

Effects of PPARy ligands on serum glu- 
cose, insulin, HbAj c , and NEFA levels are 
presented in Table 2. The Western diet itself 
did not significantly alter glucose, HbAu, 
or NEFA levels, but insulin levels rose in 
both male and female mice. Rosiglitazone 
and GW7845 treatment resulted in a sig- 
nificant decrease in insulin levels in male 
mice but had no significant effect on 
insulin levels in female mice (Table 2). 
HbAi c decreased in males treated with 
rosiglitazone and GW7845. 

To further investigate the effects of rosigli- 
tazone and GW7845 on glucose homeosta- 
sis, the response to an oral glucose challenge 
was assessed in LDLIW" mice fed the West- 
ern diet for 8 weeks. LDLR"/" mice fed a nor- 



mal chow diet were used as additional control groups. 
Mice were fasted for 4 hours before being given an oral 
glucose load of 0.75 mg/g. Blood samples were taken at 
0, 15, 30, 60, and 90 minutes for measurement of glu- 
cose and insulin levels. In male mice, the Western diet 
had relatively little effect on glucose levels in response 
to the oral glucose challenge (Figure 3a). In female 
mice, after glucose administration, the Western diet 
resulted in modest elevations in glucose that were nor- 
malized by treatment with either rosiglitazone or 
GW7845 (Figure 3b). Striking differences in the insulin 
responses to oral glucose challenge were noted between 
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Figure 1 

Atherosclerosis in LDLR"'" mice fed a high-fat, cholesterol-enriched Western diet 
for 1 0 weeks, (a) Sections through the aortic root at the levels of the aortic valves 
were stained for elastin to highlight the medial boundaries of atherosclerotic 
lesions, (b) Quantitative analysis of lesion areas in control mice (C), mice treat- 
ed with rosiglitazone (Ro), and mice treated with CW7845 (GW). For male mice, 
means ± SEM were: C, 0.161 ± 0.067 mm 2 /section ( n « 10); Ro ( 0.037 ± 0.014 
mm 2 /section ( n - 12); GW, 0.063 ± 0.027 mmVsection (n = 10). For female 
mice, means ± SEM were: C, 0.131 ± 0.035 mm 2 /section (n - 10); Ro, 0.183 ± 
0.0.088 mm 2 /section (/» - 10); GW, 0.18U0.0091 mm 2 /section (n = 10). NS, 
not statistically significant. 
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male and female mice treated with rosigiitazone and 
GW7845. The Western diet resulted in increased fast- 
ing insulin levels in both male and female mice (Figure 
3, c and d), compared with the chow-fed controls. 
Treatment with rosigiitazone or GW7845 resulted in 
normalization of the fasting insulin levels and the 
insulin response to glucose challenge in male mice, but 
not in female mice (Figure 3, c and d), consistent with 
changes in insulin levels observed in the intervention 
studies (Table 2). 

Effects ofPPARyligands on gene expression. To investigate 
potential effects of PPARyligands on patterns of gene 
expression within the arterial wall, RNA analysis was 
performed in LDLR"/~ mice fed a Western diet for 10 
weeks in the absence or presence of rosigiitazone or 
GW7845 as described for the intervention studies. RNA 
was isolated from the base of the heart containing the 
aortic origin affected by atherosclerosis and analyzed 
for TNF-a, MCP-1, VCAM-1, and gelatinase B mRNA 
levels, using quantitative real-time PCR. TNF-a and 




10 15 20 25 30 35 40 

Fraction number 

Figure 2 

Size distribution of lipoprotein particles in LDLR _/ ~ mice fed a high- 
fat, cholesterol-enriched diet and treated with solvent (control; dia- 
monds), rosigiitazone (squares), or GW7845 (triangles) for 10 
weeks. Plasma was pooled from four mice from each treatment 
group and fractionated by FPIC Mean cholesterol content in each 
fraction was determined in duplicate. 



gelatinase B mRNA levels were significantly lower in 
male mice treated with rosigiitazone or GW7845 (Fig- 
ure 4). Decreases in TNF-a and gelatinase B were small- 
er in female mice and did not reach statistical signifi- 
cance in the case of gelatinase B. Levels of VCAM- 1 and 
MCP-1, which are thought to be involved in monocyte 
adhesion to the vessel wall and migration into the 
lesion, respectively (34), did not change significantly 
among the groups (Figure 4). Reductions in TNF-a 
and gelatinase B mRNA levels were also observed in 
RNA prepared from the apex of the heart, suggesting 
general effects of the PPARyligands (data not shown). 
Differences in the responses of TNF-a and gelatinase B 
genes to PPARy ligand between male and female mice 
were not likely due to differences in PPARy expression, 
because PPARy mRNA levels were approximately two 
times higher in female tissues (data not shown). 

Because there were significant differences in lesion 
size in male controls and animals treated with sol- 
vent, rosigiitazone, or GW7845, we also investigated 
whether PPARyligands altered levels of gene expres- 
sion in the artery wall under conditions of equivalent 
degrees of atherosclerosis. LDLR"/" male mice were 
fed a 1.25% cholesterol and 21% milk-fat diet for 16 
weeks to induce significant atherosclerosis in the aor- 
tic arch. Mice were then treated with rosigiitazone, 
GW7845, or control solvent for 2 weeks while main- 
taining the high-fat, high-cholesterol diet. Aortas 
were dissected and weighed to confirm comparable 
levels of atherosclerosis (35). As an additional control 
group, mRNA was isolated from aortas of normoc- 
holesterolemic animals. The aortas from each group 
were pooled, and mRNA was isolated for analysis of 
macrosialin, CD36, SR-A, MCP-1, TNF-a, and 
VCAM-1 gene expression (Figure 5). Macrosialin is a 
macrophage-specific membrane glycoprotein that 
serves as a marker of tissue macrophages (36). 
Macrosialin expression was low in normal aortas and 
markedly increased in atherosclerotic aortas, as 
expected. Macrosialin levels were not significantly 
altered by 2 weeks of treatment with rosigiitazone or 
GW7845, consistent with our observation that 
PPARyligands do not alter macrosialin expression in 
peritoneal macrophages (data not shown) and 
reflecting comparable levels of atherosclerosis in 
these three groups. SR-A and MCP-1 mRNA levels 
were also elevated in atherosclerotic aortas, as expect- 
ed. Surprisingly, the mRNA levels for VCAM-1 
remained unchanged. In contrast to previous find- 
ings in cell-culture models (29, 37), mRNA levels for 
these genes were not decreased by treatment with 
PPARy ligands. However, treatment with rosigiita- 
zone or GW7845 significantly increased CD36 
expression and inhibited TNF-a expression, indicat- 
ing actions of PPARy on gene expression in the artery 
wall. The effects on CD36 expression were tissue spe- 
cific, because no increase in CD36 expression was 
observed in cardiac tissue of mice treated with rosigii- 
tazone or GW7845 (data not shown). 
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Figure 3 

Glucose and insulin responses to an oral glu- 
cose challenge in LDLR -/ * mice fed the normal 
chow (circles); high-fat, cholesterol-enriched 
diet and solvent (control; diamonds); rosigli- 
tazone (squares); or GW7845 (triangles). 
Blood glucose and plasma insulin levels were 
determined at base line (after a 4-hour fast) 
arid 15, 30, 60, and 90 minutes after oral 
administration of 0.75 mg glucose/g body 
weight. Samples were taken from eight ani- 
mals per group. Data are expressed as the 
mean ± SEM. A P < 0.0001, B P < 0.002, C P < 
0.01 5, and D P < 0.04, drug treatment group 
vs. control group. 
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Discussion 

The present studies demonstrate that PPARy ligands 
significantly inhibit the development of atheroscle- 
rosis in LDLR-/- male mice fed a Western-style diet. 
These mice, in addition to being hypercholes- 
terolemic, were obese, hypertriglyceridemic, and 
insulin resistant. They thus exhibit clinical features 
of many human diabetic patients who are candidates 
for treatment with PPARy ligands. Rosiglitazone and 
GW7845 reduced the extent of atherosclerosis 
despite a significant increase in the expression of 
CD36 in the vessel wall. These observations suggest 
that the potential of PPARy ligands to promote the 
development of foam cells by upregulation of CD36 
is overcome by other systemic and local actions. Sev- 
eral mechanisms could potentially account for the 
net antiatherosclerotic effects of rosiglitazone and 
GW7845. A number of proinflammatory cytokines, 
including TNF-a, IL-la, and IL-lp, have been sug- 
gested to promote the development of atherosclero- 
sis (38). Systemic reductions in the circulating levels 
of these cytokines or reductions in their expression 
within cells of the artery wall could potenrially 
underlie at least some of the antiatherosclerotic 
effects of rosiglitazone and GW7845. Although pre- 
vious studies have suggested effects of PPARy ligands 
on MCP-1 expression in macrophages and smooth 
muscle cells and VCAM-1 expression in endothelial 
cells (18, 39-41), we did not observe significant alter- 



ations in VCAM-1 or MCP-1 expression in mice treat- 
ed with PPARy agonists. This may reflect the cellular 
heterogeneity of the aortic origin and vessel wall 
from which RNA was isolated for analysis. The 
antiatherogenic effects of rosiglitazone and GW7845 
in male mice also correlated with improved insulin 
sensitivity. However, to date, no experimental evi- 
dence for a direct influence of insulin resistance on 
atherosclerosis has been provided in humans or 
murine models (42). Further investigation will be 
required to establish the major mechanisms underly- 
ing the therapeutic effects of PPARy ligands in this 
model system. 

Intriguingly, female mice did not exhibit a reduc- 
tion in atherosclerosis in response to PPARy-spe- 
cific ligands. This lack of a response was not due to 
altered drug levels or differences in levels of PPARy 
expression in the artery wall. Rosiglitazone and 
GW7845 were less effective in correcting hyperin- 
sulinemia in female mice and did not influence the 
expression of gelatinase B or TNF-a in tissues. In 
contrast to male mice, PPARy ligands altered the 
lipoprotein size distribution in female mice, reduc- 
ing HDL levels and skewing the profile to larger 
particles. Reductions in HDL levels could poten- 
tially account for lack of effect of rosiglitazone and 
GW7845 on the extent of atherosclerosis, but the 
lack of effect on gelatinase B and TNF-a levels sug- 
gest gender-specific differences in the responses to 
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Figure 4 

Expression ofTNF-ct, MCP-1, VCAM-1, and gelatmase B mRNA 
in the aortic root. The mRNA levels were quantitated using real- 
time RT-PCR. Six to seven samples per group were analyzed. C, 
control; Ro, rosiglitazone; GW, GW7845. Data are expressed as 
mean ± SEM. A P < 0.05, B P < 0.01 , and C P < 0.001, drug treat- 
ment groups vs. cholesterol group. 



PPAR-7 ligands. The basis for these differences is 
unclear, but they are likely to relate to influences of 
estrogens and progestins. Consistent with this, pre- 
liminary studies of ovariectomized female mice 
indicate metabolic responses to rosiglitazone and 
GW7845 that are much more similar to male mice. 
Studies of the efficacy of TZDs as insulin sensitiz- 
ers in human diabetic patients have not revealed 
any significant gender-specific differences, but 
most female patients enrolled in these studies are 
postmenopausal. 

In concert, these studies provide clear evidence that 
activation of PPARy inhibits the development of ather- 
osclerosis in a murine model. These effects were 
observed using relatively high doses of PPARy ligands 
that also induced adipogenesis in bone marrow and sec- 
ondary extramedullar hematopoiesis. Extending this 
proof of principle to human populations will require 
clinical investigation in diabetic and nondiabetic 
patients. Because the PPARy agonists used in these stud- 
ies exerted both potentially antiatherogenic (e.g^ down- 
regulation ofTNF-oc) and potentially proatherogenic 
(e.g.> upregulation of CD36) effects on patterns of gene 
expression in the artery wall, the development of novel 
PPARy ligands that dissociate proatherogenic activities 
from antidiabetic and antiatherogenic activities would 
be highly desirable. Recent successes in the development 
of selective estrogen receptor modulators (43) suggest 
that such goals are attainable. 
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Chronic treatment with nitric oxide-releasing aspirin 
reduces plasma low-density lipoprotein ox.dat.on and 
oxidative stress, arterial oxidation-specific epitopes, 
and atherogenesis in hypercholesterolemic mice 
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The effects of chronic treatment with nitric oxide-containing as- 
pirin (NO-aspirin. NOC-4016) in comparison with regular aspinn or 
placebo on The development of a chronic disease such as athe o- 
sieS were investigated in hypercholesterolemic .ow^ens,* 
lipoprotein <U>l>receptor-defident mice. Male ^ 
randomly to receive In a volume of 10 ml/kg eithe placebo (n - 
S3Tmg/kg/da y NO-aspirIn(n = 10), or 18mg/kg/day of regular 
aspirin (n = V After 12 weeks of treatment the computer- 
aSsted Imaging analysis revealed that NO-aspirin reduced *e 
Simulative lesion area by 39.8 ± 123% compared with that 
of placebo (P < 0.001). Regular aspirin did not reduce signiH- 
can^awticle S ion,{--5.1±23%)compared with the P"a«bolP= 
tJ. not significant <NS)]. Furthermore. NO-aspir r . reduced sg- 
nificantly plasma IDL oxidation compared with aspirin and pla- 
cebo, a/shown by the significant reduction of malo^aldehyde 
content (P < 0.001) as well as by the prolongation of 
0.01). Similarly, systemic oxidative stress. 
isoprostanes. was significantly reduced by treatment w*«W 
4016 <T < 0.05). More importantly, mice treated w.th ^aspmn 
revealed by immunohistochemical analysis of 
a significant deaease in the intimal presence of 
epitopes of oxlDL (E06 monoclonal antibody. P < 0 0U and 
maaSLges-derived fe am cells (M/ 8 ? m ^ tLtd^Kat 
0.05). compared with placebo or aspirin. These data Indicate that 
enhanced NO release by chronic treatment with the 
aspirin has antiatherosderotic and antioxidant effects in the arte- 
rial wall of hypercholesterolemic mice. 

atherosclerosis | LDL-receptor-deficient mice 

Endothelial dysfunction has been shown in the » pics ence of 
atherosclerosis (ref. 1 and reviewed in refs. 2-4). Several 
lines of evidence indicate that restoring nitric oxide (NO)- 
mediated signaling pathways in atherosclerotic artenes may 
WliUW The essential find ngs are that 

biochemfcalpro^^ 

siaialing molecule through its interaction with redox centers in 
hSne oroteins and a rapid reaction with other biologically 
r£rt raS secies. The direct reaction of NO with radicals 
TanTve atteast in part, antioxidant effects In arterial ce b. 
th antioxidant properties of NO can be greatly amphfkd bj the 
activation of signal transduction pathways that lead to the in- 
cnued synthesis of endogenous antioxidants or down-regulate 
r^msto pro-inf lammatory stimuli. Studies in humans and m 
Sal models have shown that low-density lipoprotein (^DL) 
oxidation may play a pivotal role in the pathogenesis of athero- 
geS (rSVin refs. 5. 6). Recent data indicate that LDL 
oxidation may promote per se activation of several signaling 

vww.pnas.org/cgl/dol/10.1073/pnav192244499 



pathways and transcription factors in human ^onary arteries 
(7-9) Several of these pathways are reduced by concomitant 
adm nistration of vitamin E (7, 9). Thus, impounds with 
antioxidant properties may reduce downstream effects induced 
dTlDL oxidation in the arterial wall, and this phenomenon 
could retard the progression of atherosclerosis. 

in preliminary 'experiments, we evaluated the 
orooerties in vitro of several nitro-compounds and found that 
some of these agents had antioxidant properties In th« study, we 

2 Ima.e LDlSreceptor-deficien. ^^^SSZ 
effectsofaNO-containingaspirmdenvative(NCX-4016)onthe 

plasma LDL oxidation and systemic oxidative stress. NO- 
releasing aspirin (NCX-4016) is a drugweU characterized m * 
and in Wv/(reviewed in ref. 12). Hypercho esterolemic mice 
develop hypercholesterolemia on a cholesterol mouse chow diet 
(10, 13) and extensive atherosclerosis, w«^ lM,0 / ns n P r ^f! l " g 
from lipid-laden fatty streaks to advanced lesions (10, lUW- 
By using this model, we investigated the chronic effecte of 
Stttment with NO-aspirin or regular aspinn on aortic lesion 
development, plasma LDL oxidation, and oxidative sress as 
welf ! ^oxidation-specific epitopes of LDL in the arterial wall. 

Materials and Methods 

Drugs and Experimental Protocol. The experiments conformed to 
the Guide for the Care and Use of Laboratory Animals (Na- 
tional Institutes of Health Publication No. 85-23, revised 1996) 
and the Guidelines of the American Heart Association. The 
experiments described here were carried out on male LDL- 
receptor-deficient mice of 18 weeks °" high-cholesterol and 
cholate-free diet (21% by weight fat, 0 15% by weight choles- 
terol, and 19.5% by weight casein; no. 8137, Teklad, ^Madison 
WH LDL-receptor-deficient mice crossed with C57BL/6J mice 
for 10 generations, develop only "moderately" elevated plasma 
cholesterol levels (250-300 mg/dl) when ed regular mouse 
chow (10, 11). However, high cholesterol levels are easily 
achieved by enriched-cholesterol diets that induce extensive 
atherosclerosis throughout the arterial tree (10. 11). defected 
only male mice to avoid gender-related differences (10) Mice 
were assigned randomly to be treated for 12 weeks with 30 
niK/ks day of NCX-4016 (a generous gift from NicOx, n - 1U, 
30 mg compound contains 18 mg of aspirin) or 18 mg/kg/day 



This paper was submitted directly (Track II) to the PNAS office. 
Abbreviation: LOU low-density lipoprotein. 

To whom reprint requests should b. addressed. E-mail: daunapOtln.lt or cnapollO 

ucsd.edu. 

PNAS | September 17. 2002 | vol.99 | no. 19 | 12467-12470 



of aspirin (Sigma; n = 10). or placebo (saline vehicle) given by 
laS TftSetog doses were chosen on the basis of previous 
%£!£iri* (12,16, 17) and did not affect blood pressure m 
n?ct by tai cuff (P = NS, not shown). At the end of 

Se s^mice were killed with a lethal dose of sodium 
pentobaAitland « situ fixation of the aorta at physiologic 
£££p00 mmHg (1 mmHg = 33 Pa)] was performed w.^ 
PBS/paraformaldehyde (4%, 0.1 mol/liter, pH 7.3) for histol 
ogy and normal saline for immunohistochemistry (see below). 

PtasmaDeterminationandLDLOxidation. Blood was coll«tedatthe 
time of killing into Eppendorf tubes with 1 mM ■ NgSDTWL 
Plasma cholesterol was determined errzymatica H (WLDJ 
particles (d = 1.006 - 1.063 g/ml were isolated from 2 ml of 
Ked plasma from two animals of each group by seque^tmj. 
density ultracentrifugation (18, 19). The protein content of LDL 
wTmeaSd by the method of Lowry (20) Susceptibility o 
LDL^ vitro oxidation was induced by 1 copper sulfate at 
ire foT 12h, as described (18, 19, 21). At the end of the 
incubation the formation of thiobarbituric acid reactrve sub- 

t^ wt determined by the thiobarbituric acid method as 
Scribed (18 19, 21). Lag-time was determined by monitoring 
fhl chalgei measure J at 234 nm in the ^rbance and observed 
at room temperature (23°C) every 10 min for a period of 4 h (19, 
21) M^Sent of the isoprostane 8^ P i-PGF 2 punfied from 
plirnt^rnples was made by using a corrmiercially arable 
EnoS (Cayman Chemical, Ann Arbor, MI) according to 

the manufacturer's instructions. 

Morphometric Assessment of lesions and '^"^^f e °! 
Lesten Compoi.ents.The aorta was idissected, «$mrfrfadta««g 

fat and fascia, cut open, washed thoroughly with cold s enle PBS 
conSiS mM EDTA, placed in ice-cold .I?S oMUo-ag. 50 
uM butylated hydroxytoluene, 0.001% aprotinui. 50 mM EDTA, 
S afe cbWphenicol, and equilibrated with > nitrogen 
rin 11 21231 Each arterial segment then was divided into two 
parts o5 o^S was immersed in cysteine prodrug £>xothia- 
zolidine-4-carboxylate (5 mM)-containmg medium (Dako, M,. 
^dflashfrozento^^ 

taken and prepared with a cryotome for computer-assistea 
^homerdetermination of Itoid-rich les tons ; (3C cryo- 
sections from arteries were stained with o W^O and ^ colter- 
stained with hematoxylin), as described in detaJ J™' J 1 ^. 2 ?; 
23). The second part of each artenal segmentTOW™ 
buffered 10% formalin and paraffin embedded; ^»»nal 
Actions (5-^n thickness) were prepared f^™?^^!" 1 : 
fcSttOlV 16, 22, 23). Duplicate serial sections of the fixed and 
SraffinUmbedded arterial i segments were i^unostamed with 
E06, murine monoclonal antibody against oxidat^pecific- 
lysine and oxidized phospholipid epitopes of ox-LDL, and 
F4/80 a monoclonal antibody against mouse monocyte/mac- 
fophSiS foam cells (10, 11,16, 22, 23). Antibod.es were 
used at a dUution of 1:500. Epitopes recognized by the pru^ary 
antibody were detected by an avidin-biotin-peroxidase comput- 
er-assisted method (10, 11, 16, 22, 23). 

statistical Analysis. Results are expressed as mean ± SEM. 
Suationof the atherogenesis and the immunohistochemistry 
wefe ptrfomedln a blinded way regarding the treatment ^iven 
7o mice. A Student's t test was used to compare d, ^„c* 
among groups. Statistical significance was def.ned as P < 0.05. 

Results 

Lipid Profile. Plasma cholesterol levels were similar among groups 
of LDL-receptor-deficient mice (724 i 68 mg/dl, 746 ± 72 and 
738 * 57^, placebo, NCX-4016 and aspirin-treated groups 
reVoectively- P = NS for all comparisons). Similarly, plasma 
ISeride ' levels were comparable in all three groups of mice 

12468 | www.pnaJ.org/cgl/doi/10.1O73/p~H92244499 





100 -i 




75- 




a 






50- 


a 








i 


25- 




0- 




Placebo 



NCX4016 



Fia 1 Effects of various treatments on atherosclerot.c lesion area in male . 
LDWePtoSefident mice after 12 weeks of treatment wrth placebo, reg- 
LDWeceptor obtk e lmo|ar of nit ric oxide-releasing aspinn 

SSSw? 0 rg/S'Me^"^ area of oi^red O-sta.ned sections was 
alXdl^comp^-assisted imaging ^^ [ «»' ! 'ZT??W 
mean ± SEM of the aortic lesions of 10 animals from each group. P < 0.01 
vs. placebo-treated mice. 

(165 ± 22 mg/dl, 172 ± 32, and 170 i 28 to placebo, NCX-4016 
and aspirin-treated groups, respectively, P — NS for all 
comparisons). 

Evaluation of Atherogenesis. Computer-assisted imaging analysis 
SSed ttat 30 mg/kg of NCX-4016 reduced the ao£c cumu- 
ative lesion area by 39.8 ± 123% compared with tha^of the 
olacebo (P < 0.001). In another set of experiments (» - 5), 30 
RVof NCX-4016 reduced the aortic cumulative lesion , area 
by 24.1 ± 10.8% (P = 0.589, NS). The equimolar dose of aspirin 
1 18 me/ke) did not reduce significantly aortic lesions (-5-» - 
g%)com P ared with me placebo (J> = 0.867, NS; Fig. 1) IJg. 
2 shows some examples of high magnifications of oJ-red O- 
stamed aorta of a placebo-treated mouse (A) and NCX-4016- 
reated St (B). The reduction of the atherosclerotic esions 
^S555m. a marked decrease in the thickness of lesions 
^-redOstaining)ofaNCX-4016-treatedmouseincompanson 

to the placebo-treated mouse (C). 

Immunohistochemistry. Mice treated with 30 mg/kg/day of NCX- 
m6 revealed a significant decrease of intimal macrophages- 
Sed foam cells (-28.3 ± 10.2% of F4/80-pos.trve artenal 
Sons, P < 0.05 Vs. Pla-bo-treate d group) and ox.daUon- 
soecific epitopes of oxidized LDL by (-35.8 ± 11.9% oi 
f 06 positive arterial section, P < 0.01 vs/a«bo-t^ 
Fjg 3) Thus, NCX-4016 significantly reduced the expression of 
oxidation-specific epitopes and macrophage accumulation in the 
S wall compared with that of the placebo-treated group as 
well as aspirin-treated group. 

Effect of Different Treatments on Plasma LDl OxidtabiBty and 
dative Stress. Treatment with 30 mg/kg/day of NCX-4016 
reduced significantly plasma LDL oxidation and sarnie oxi- 
dative stress compared with both placebo and, to a lesser extent, 
Sn Sle 1) This reduction of plasma LDL oxidation was 
sE ^bVslgnificantreductionofLDLmalondiadehydeconen 
o I around 40% (P < 0.001 vs. placebo; P < 0.04 vs. asp.nn), as 
well as by the prolongation of lag-time of oxidizability of around 
Wo (P < 0.01 vs. placebo; P < 0.05 vs. aspirin) In the same 
^oup of mice above (n = 5) treated w>lh *p rng/kg of NCX- 
4016; the compound reduced LDL malondialdehyde content to 
193 ± 4.0 nmol/mg of protein (P < J 05 vs P^o; F - NS 
vs. aspirin) and LDL lag-time reached 120 ± 33 mm (P - NS vs. 

Napoli et a/. 



Fig. 2. Magnification* (x25) of oil-red O-stamed 
ptecebo-treated mouse (A), placebo-treated mouse <». and rob* 
releasing aspirin-treated mouse CBOmg/kg). Sustained reduction of theth, A 
nJ«rflesionsof nitric oxide^eleaslng aspirin-treated mouse (D) Incompar- 
"Zto SaXtreated mouse (O (both X320 magnification). Arrows 
indicate the degree of staining in relation to the Intima. 

placebo and aspirin). Similarly, P^* 0 ?^ K ' 
duced significantly by treatment with NCX-4016 (Table 1). 

Discussion . 
Our article demonstrates that chronic delivery of NO achieved 
with the NO-releasing aspirin significantly attenuates the devel- 



The negative immunostalnlng (brown) in C and f appears in blue. 

nranent of a chronic disease such as atherosclerosis in hyper- 
°Slfo^ £DL receptor-deficient 
olasma cholesterol levels. The enhancement of the NO pathway 
nW play an important role in antiatherogenic effect of NO- 
Sing aspirin(reviewed in ref. 4). This study also demon- 
S U.Sin parallel to the attenuation of atJteroscleros.^ 
NoSpWn reduced the susceptibility ex vivo of plasma LDL to 
SSmodificationandsystemicoxidative stress 
ofosma isoprostanes. Isoprostane levels are a well recognized 
oxidative JL in animal models and jjtajj- 
f 24) Antioxidant protection could be related to the scavenging 
activity of free radicals by NO-containing aspirin both in plasma 
She Serial wall. Superoxide anion and NO are toown to 
react rapidly to form the stable peroxymtnte anion, and per- 
Snit^ ^decomposition generates a strong oxidant wrth reac- 
S similar to hydroxyl radical (25). However the causal role 
ofp^itrite inatherogenesis h^-^^JS^SS 
the properties of NO-releasing aspirin can also affect multiple 



LDL lag-time, 
min 



LDL MDA, 
nmol/mg prot 



Plasma isoprostane 
8-epi-PGFi, 
pg/ml 



Placebo-treated LDL-receptor-deficient mice (n - 10) 
NCX-4016-treated LDL-receptor-deficient mice (n = 10) 
Aspirin-treated LDL-receptor-deficient mice(o = 10) 



112 ± 22 
131 ± 18* 
115± 15 



24.5 ± 4.2 
14.3 ± 2.4** 
22.3 ± 4.7 



143 ± 37 (r> = 6) 
119 ± 21*** {n = 6) 
128 ± 38 (n = 6) 



nihn-treated LDL-receptor-deticient mice \n - ' w . — — 
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radical species generated in the artenal wall. An increasing 
number oT compounds releasing NO or modulating the NO 
pathway are now available (reviewed in ref. 26). Further studies 
Ed evaluate whether these newly developed compounds, 
cSuy used drugs, or other NO-donors could be helpful in 
Sing atherosclerotic , lesion formation and its chmcal 

Oxidative modification of LDL plays a crucial role in human 
eaS atherosclerotic lesions (22, 23, 27) leading to atheroscle- 
r2relateddiseases(5,6).Somestudies(28)^ 
he important role of inhibition of LDL ox.dat.on on the 
Stenuation of atherosclerosis in hypercholesterolemia mice. In 
Se jr^ntstudy.we showed that NCX4016 reduced formaUon 
£ the arterial wall of oxidation-specific epitope of oxidued 
LDL. Thus, NCX-4016 has a potent antioxidant effect also in the 
atherosclerotic lesions of mice probably by means of scavenging 
of the radical-induced oxidation of LDL also in the artenal waU. 
Oxidized LDL may induce apoptosis in human coronary ceUs (7, 
ivK phenomenon may favor the development of unstoWe 
atherosclerotic lesions (7, 8). However, apoptosis m mi^o- 
phages also may reduce a potential source of mediators which 
can contribute to destabilizing the plaque (e.g., metal- 
looroteinases and MCP-1). Nevertheless, the reduction of oxi- 
Ee sttets in vivo could also attenuate the degree of unstable 
atheroma. In another experimental setting, we showed recendy 
that NGX-4016 reduced restenosis after artenal injury and 
macrophage deposition in hypercholesterolemic mice (16) and m 
S rate (17), Perhaps, at least in part, through its antioxidant 
effe^These properties may be particularly useful when appled 
to hyperchoteterolemic or elderly patients. Obvioushr the 
chronic development of atherosclerosis is a comp *ely d^ere* 
oathophvsiologfcal condition from restenosis after artenal in- 
fury Indeed, Testenotic inflammatory lesions already appear 
after 14 days from the arterial injury. In the present study we 
have also shown that the antiatherogenic effect was coupled to 
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Lymphocytes are prominent components of human atherosclerotic lesions, but their presence in 
murine models of disease has not been confirmed; Lymphocyte subpopulations have been 
identified in apoE -/- and LDL receptor -/- mice fed a cholesterol-enriched diet for up to 3 
months. ApoE -/- mice had higher serum cholesterol concentrations than did LDL receptor -/- 
mice during most of the feeding period, primarily due to large increases in VLDL concentrations. 
Total area of atherosclerotic lesions was greater at all times in apoE -/- than LDL receptor -/- 
mice (lesion area after 3 months on cholesterol-enriched diet: apoE -/-, 993±193 and LDL 
receptor-/-, 560±131 um 2 xl0 3 , mean±SEM, n=6 in each group). Lesions in apoE -/- mice 
contained larger macrophage-rich necrotic cores and more calcification than did those in LDL 
receptor-/- mice. Immunocytochemical analyses of tissue sections of ascending aortas performed 
with monoclonal antibodies to T and B lymphocytes and macrophages revealed that T 
lymphocytes immunoreactive for Thy 1.2, CD5, CD4, and CD8 were observed in lesions from 
both strains, but no B lymphocytes were detected. The density of Thy 1 .2 + T lymphocytes in 
lesions was greatest at 1 month (apoE -/-, 98±23 and LDL receptor -/-, 201±40 
lymphocytes/mm 2 , n=6 in each group), decreasing in apoE -/- mice to 12±3 and in LDL receptor 
-/- mice to 51±20 lymphocytes/mm 2 at 3 months. The presence of T lymphocytes in murine 
atherosclerotic lesions makes these animals potentially useful for studying the involvement of the 
immune system in atherogenesis. 

Keywords: atherosclerosis • murine model • T lymphocytes • immunohistochemistry 
Cellular processes that occur during human atherogenesis may be examined by using animal 
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models of atherosclerosis that simulate human disease. The PDAY study* established similarities 
in the evolution of atherosclerotic disease in humans and Watanabe heritable hyperhpidermc 
rabbits, cholesterol-fed rabbits, 2 -* and rhesus monkeys.* 5 In addition, initial studies with 
cholesterol-fed C57BL/6J mice have led to the increasing use of mice in the study of events in 
atherogenesis .* More recently, genetically modified mice deficient in either apoE- or LDL 
receptors* have become available. ApoE-deficient mice are grossly hypercholesterolemic and 
spontaneously develop atherosclerosis that has the morphological characteristics of human 
disease* 15 11 ■ disease development is accelerated by feeding these mice cholesterol-enriched 
diets LDL receptor deficiency in mice produces only a mild increase in plasma cholesterol 
concentrations but imparts an increased responsiveness to cholesterol-enriched diets, leading to 
pronounced atherosclerotic lesion development- 
Atherosclerotic lesions are mostly made up of macrophages and smooth muscle cells buUhere is 
mcreasingrecogmtionof^ 311(101)8 
lymphocytes are present at all stages of development of human lesions. These T 
lymphocytes are activated, as judged from the presence of activation markers- and expression of 
MHC class n antigens on adjacent smooth muscle cells 22 Expression of MHC class II 1S mduced 
by the T lymphocyte-derived cytokine interferon gamma, which is detectable m lesions. T 
lymphocytes in atherosclerotic lesions are polyclonal in origin* The full spectrum of antigens 
against which T lymphocytes are directed has not been elucidated, but it is known that oxidized 
LDL activates a small subset.^ B lymphocytes are also found in human atherosclerotic lesions.- 
21 

The role of the immune system in atherogenesis is controversial. Lesions that develop in 
cholesterol-fed rabbits contain T lymphocytes that may be active participants in lesion formation 
since immunosuppression results in enhancement of the atherogenic process.- The seventy of 
atherosclerotic lesions is also increased in immune-suppressed^ and MHC class I-deficient 
C57BL/6J mice 23 fed a cholesterol-enriched diet. However, in contrast to lesions m 
hypercholesterolemic rabbits, lymphocytes have not been detected in murine atherosclerotic 
lesions 21 Studies to define the role of the immune system in atherogenesis require an animal 
model in which T lymphocytes are present in lesions, as they are in human disease. We therefore 
used monoclonal antibodies to evaluate whether lymphocytes are present in atherosclerotic 
lesions of cholesterol-fed apoE -/- and LDL receptor -/- mice. Immunostaimng for Thy L .2 CDS , 
CD4 and CDS was positive in atherosclerotic lesions in both strains of mice, although the density 
of T lymphocytes in each strain differed markedly. The presence of lymphocytes in 
atherosclerotic lesions of these mice makes them valuable for the study of the role of the immune 
system in atherogenesis. 

Methods 

LrTretptor -/- and apoE -/- mice (8 female and 10 male in each group) were obtained from 
JacksonLaboratories. Both strains of mice were originally generated as C57BL/6JxC129 hybnds, 
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and mice used in this study were backcrossed six generations into a C57BL/6J background Mice 
were housed in specific pathogen-free rooms and fed a normal mouse laboratory diet (Ralston 
Purina) until they were 6 weeks of age, after which they were fed a diet containing 1.25 /o 
cholesterol, 0.5% cholic acid, and 15% fat (Harlan Teklad, catalogue No. 88051) for up to 3 
months. All procedures were approved by the Washington University Animal Studies Committee. 

Removal of Aortas and Blood Samples 

Six mice of each strain were selected after 1, 2, and 3 months on a high-cholesterol diet. 
Nonfasting animals were anesthetized by metaphane inhalation (Pitman-Moore), bled retro- 
orbitally, and killed by cervical dislocation. Hearts were removed en bloc and placed in ice-cold 
Ringer's lactate, washed free of blood, and embedded and frozen in optimal cutting temperature 
compound (Tissue Tek). Sections of aorta (10 urn) were cut on a cryostat* and placed on Probe- 
on-Plus microscope slides (Fisher Scientific). Serum was separated from whole blood by 
centrifiigation and stored at 4°C. 

Serum Cholesterol Concentrations and Lipoprotein Cholesterol Distribution 
Serum concentrations of total cholesterol were measured by using an enzyme-based colonmetnc 
assay (Wako Chemical Co). Lipoprotein cholesterol distributions were determined by fast- 
performance liquid chromatography of pooled serum samples from all six mice m each group 



after 3 months of feeding 32 



Histology and Immunocytochemistry 

Frozen sections were fixed in acetone for 5 minutes. Macrophages were detected with anti-mouse 
monoclonal antibody MOMA-2 (rat IgG 2b , Serotec). All lymphocyte antibodies were initially 
screened for their ability to stain cells in splenic tissue (positive control). T lymphocytes were 
immunostained with monoclonal antibodies to murine CD5 (clone 57-7.3, rat IgG 2a K, Life 
Technologies), Thy 1.2 (clone 30-H12, rat IgG 2b , Collaborative Biomedical Products, and clone 
AT83A rat IgM, Dr Osami Kanagawa, Washington University), CD8 (clone YTS 105.18, rat 
IgG 2a , Serotec), and CD4 (clone GK1 .5, rat IgG, Dr Osami Kanagawa). Tissue sections were 
blocked with nonimmune rabbit serum. The secondary antibody was an affinity-purified, mouse 
serum-adsorbed, biotinylated rabbit anti-rat IgG (BA 4001, Vector Laboratories). 

Immunocytochemical analysis was performed by using a Fisher MicroProbe system and 
Vectastain Elite ABC kits (Vector). Negative controls were obtained with isotype-matched 
irrelevant antibodies or no primary antibody. Immunoreactivity was visualized by using 3-amino 
9-ethyl carbazole (Biomeda Corp), which forms a red precipitate. Accumulation of neutral lipid 
in lesions was visualized by staining with oil red O. Tissue sections were counterstained with 
aqueous hematoxylin (Biomeda). 

Quantification of Lesion Areas and Numbers of T Lymphocytes 

Consecutive 10-um-thick aortic cross sections were cut, beginning at the most proximal part of 
the aortic sinus.* Sections were placed consecutively on each of eight separate slides, after which 
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the ninth section was placed on the first slide, next to the first section, continuing for 48 sections. 
A single slide, upon which were six aortic cross sections from each mouse, was analyzed for 
lesion dimensions and for any given stain or immunostain. Total atherosclerotic lesion area and 
numbers of Thy 1 2 + lymphocytes were quantified by using an image-analysis system consisting 
of a Nikon Optiphot-2 microscope attached to a Javelin JE3462 high-resolution camera and a 
personal computer equipped with a Coreco-Oculus OC-TCX frame grabber and high-resolution 
monitor. Computerized color-image analysis was performed by using Image-Pro Plus software 
(Media Cybernetics). The area of each lesion in all six cross sections in every mouse was 
recorded, as was the total number of T lymphocytes determined by immunostaimng for Thy 1 .2 
For each mouse studied, total atherosclerotic lesion area was calculated as the sum of the areas of 
all lesions in all six aortic cross sections on one slide. Thy 1 .2-immunopositive lymphocytes 
were counted per section, and T-lymphocyte density was expressed as the number of 
lymphocytes per square millimeter of atherosclerotic lesion area. 

Statistics 

Differences in serum cholesterol concentrations, atherosclerotic lesion areas, and T-lymphocyte 
numbers were compared either by two-tailed Student's t test, or, if data failed to meet the 
requirements for use of this parametric test, by the Mann-Whitney rank-sum test. Data analyses 
were performed by using SigmaStat for Windows (Jandel Scientific). 

Results 

All animals tolerated the cholesterol-enriched diet without overt adverse affects. Total serum 
cholesterol concentrations before commencing the diet and at 1 and 2 months were higher in 
apoE -/- than LDL receptor -/- mice, but they did not differ significantly at 3 months (Fig IS). 
Analyses of lipoprotein cholesterol distribution by size-exclusion fast-performance liquid 
chromatography demonstrated that regardless of diet, apoE -/- mice carried the major fraction of 
cholesterol in VLDL, while LDL receptor -/- mice carried cholesterol predominantly in an LDL- 
sizedfraction. s21Qli 
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Figure 1. Line graph shows total serum cholesterol 
concentrations in apoE -/- and LDL receptor -/- mice. 
Cholesterol concentrations were measured by using 
enzymatic assays as described in "Methods." Points 
indicate means of six observations; bars, SEM; ■, apoE 
-/- mice; and •, LDL receptor -/- mice. 
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Atherosclerotic lesions were characterized after 1, 2, and 3 months of cholesterol feeding for size, 
macrophage content, and lymphocyte number and distribution. The two strains of mice had 
atherosclerotic lesions with markedly different cellular architectures and areas. At all times, aortic 
atherosclerotic lesions of apoE -/- mice were larger than those in LDL receptor -/- mice (Fig 2E). 
Lesions from the two types of mice were of similar cellular composition after 1 month of 
cholesterol feeding, composed predominantly of macrophages. By 3 months, lesions in apoE -/- 
mice had large cores of necrotic macrophages, a feature less abundant in LDL receptor -/- mice. 
Chondrocytes and early bone formation were readily discernible in all apoE -/- mice examined at 
3 months, but in only one of six LDL receptor -/- mice. Bands of smooth muscle cells and 
extracellular matrix were present in apoE -/- but not LDL receptor -/- mice after 3 months (Fig 3 
B). 
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Figure 2. Line graph shows area of atherosclerotic 
lesions in apoE -/- and LDL receptor -/- mice after 1, 2, 
and 3 months on a cholesterol-enriched diet. Points 
indicate means of six observations; bars, SEM; ■, apoE 
-/- mice; and LDL receptor -/- mice. 




View larger version 
(115K): 



Figure 3. Photomicrographs show presence of macrophages 
and lipid deposits in murine atherosclerotic lesions. Aortic 
sections were immunostained for macrophages as descnbed 
in "Methods." Macrophages were immunostained with 
MOMA-2 after 1 month of cholesterol feeding in (A) apoE -/- 
and (B) LDL receptor -/- mice. At 1 month the two animal 
strains had lesions with similar morphological characteristics. 
After 3 months of cholesterol feeding, di fferences were 
observed in MOMA-2-immunostained macrophages: apoE -/- 
mice had necrotic macrophage core regions and macrophage 
accumulation under the endothelium separated by bands of 
nonstaining cells and matrix (C). In contrast, lesions from 
LDL receptor -/- mice immunostained uniformly for 
macrophages, and necrotic cores were uncommon (D). 
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fin this window! Staining for neutral lipids with oil red O was patchy in apoE - 

rSSlS /" nnce after 3 months of cholesterol feeding (E) but relatively 
[manewwinaow ! ^ ^ ^ ^ ^ (ongmal magmficatl0n 

xl 00 [A and B], x40 [C through F]). 

T lymphocytes were detected by using antibodies to Thy 1.2, CDS, CD4, and CDS (Table*). Thy 
1.2 and CDS antigens are pan-T-cell markers, although CDS is also present on a subset of B 
lymphocytes in serosal cavities. Immunostaining for Thy 1.2 and CDS was observed m lesions 
from both strains. Furthermore, the distribution and number of ceUs exhibitingpositiye 
immunostaining was similar with both Thy 1 .2 antibodies (Fig 4AIB) and the CDS antibody (Fig 
4BB) Several monoclonal antibodies directed against T-lymphocyte antigen CD4 and an 
antibody to the B-lym P hocyte marker CD45R were used to identify the subsets of lymphocytes 
present in mouse atherosclerotic lesions (Tables). No B lymphocytes were observed in lesions, 
although the CD45R antibody produced excellent immunostaining of splenic tissue that was used 
as a control. Because only one of the anti-CD4 antibodies (GK1.5) resulted in appreciable splenic 
immunostaining, it was used to demonstrate the presence of CD4+ cells in amerosclerotic lesions 
(Fig 4QS). In splenic tissue, CD4 irrununostaining was less intense on positive cells than was Thy 
1 2 CDS and CD8 immunostaining. CD8 + cells were detected in the lesions of both strains (Fig 
4M The relatively low intensity of CD4 + subset immunostaining indicated that formal 
quantisation may resmt mam* , _ 

robust immunostaining of T-lymphocyte subsets was not as consistently achieved as for Thy 1.2 
antigen, no quantitative assessment of these subtypes was performed. 

View this table: Table 1. Primary Antibodies Used to Detect Lymphocytes in 
[in this window! Atherosclerotic Lesions 
[in a new window! 
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Figure 4. Photomicrographs. A, T lymphocytes 
positive for Thy 1.2 in shoulder region of a lesion from 
an LDL receptor -/- mouse fed a cholesterol-enriched 
diet for 1 month. B, T lymphocytes positive for CD5 in 
an apo E -/- mouse fed a cholesterol-enriched diet for 3 
months. C, T lymphocytes positive for CD4 in a lesion 
from an LDL receptor -/- mouse after 1 month of 
cholesterol feeding. D, T lymphocytes positive for CD8 
in an atherosclerotic lesion from an LDL receptor -/- 
mouse fed a cholesterol-enriched diet for 2 months 
(original magnification x200 [A and B], xlOOO [C], 
X400 [D]). 
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T lymphocytes, as determined by Thy 1 .2 immunoreactivity, were present in atherosclerotic 
lesions at all intervals. The density of Thy 1 .2+ T lymphocytes was greatest after only 1 month of 
cholesterol feeding in both strains of mice (Fig 5S). At the intervals studied beyond 1 month, 
there was a significant reduction in lesion T-lymphocyte density, which was particularly sparse 
after 3 months in apoE -/- mice. At all intervals, lesions of LDL receptor -/- mice contained a 
greater density of Thy 1 .2+ cells than did lesions of apoE -/- mice. In neither strain of mice was 
there a specific region in atherosclerotic lesions that preferentially accumulated T lymphocytes 
as has been discerned in the human diseased The distribution of lymphocytes was patchy, with 
small foci of cells generally located beneath the endothelium and few cells near the media or in 
the lipid core. No T lymphocytes were detected in the media. 
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Figure 5. Line graph shows T-lymphocyte density of 
Thy 1 .2 + cells in both strains of mice at 1 , 2, and 3 
months. Points indicate means of six observations; 
bars, SEM; ■, apoE -/- mice; and •, LDL receptor -/- 
mice. Statistical significance at 2 and 3 months (as 
determined by Mann-Whitney rank-sum test) is stated 
relative to the density at 1 month for each strain. 



Discussion 

We observed striking differences in the dimensions and morphological characteristics of lesions 
in apoE -/- and LDL receptor -/- mice. Our observations of atherosclerotic lesions from apoE -/- 
nJTare similar to ea^^ 

-/- mice were larger at all intervals studied and had a markedly increased number of chondrocytes 
and bands of smooth muscle cells. ApoE-/- mice had significantly increased concentrations of 
total serum cholesterol at most intervals, with most being in a VLDL fraction. Cholesterol- ^ 
enriched VLDL has been demonstrated to promote cholesterol esterification in macrophages - 
25 which may be a factor in the formation of lesions of disparate morphology in apoE -/- and 
LDL receptor -/- mice, although this has not been proven. 

The principal finding of this study is that Thy 1.2 + , CD5+, CD4+, and CD8+ T lymphocytes are 
present in atherosclerotic lesions in cholesterol-fed apoE -/- and LDL receptor -/- mice^ Thy 12 s 
a 1 12-amino acid glycoprotein present in varying amounts on the surface of neural and lymphoid 
cells with expression depending on the state of differentiation.^ In mice, Thy 1.2 is found on 
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mature T lymphocytes. CDS is a monomeric 67-kD glycoprotein on all mature T lymphocytes, 
with higher expression on CD4 + than CD8 + cells.22 CDS also occurs on the Bla subset of B 
lymphocytes found in serosal cavities. CDS functions as a tyrosine kinase substrate in association 
with the T-cell receptor C chain/CD3 and protein tyrosine kinases p56j and pSP 1 ^ m T 
lymphocytes and may also act as an independent signaling molecule.— 

Previous immunohistochemical analyses of atherosclerotic lesions in several strains of mice, 
including the apoE -/- strain, have shown an absence of T lymphocytes.^ A possible explanation 
for this apparent contradiction is the interval at which lesions were studied. In the present study, 
lymphocyte density decreased with lesion maturity; particularly in apoE -/- mice, this cell type 
was sparse after 3 months of cholesterol feeding. The fact that Qiao et al^ studied lesions after 
cholesterol feeding of a longer duration than in the present study may explain the lack of 
detectable lymphocytes. In addition, in our study, several of the anti-CD4 antibodies tested 
resulted in weak and diffuse iinmunostaining of splenic tissue (Tables). Therefore, the difference 
between this and previous reports with regard to detection of lymphocytes might be partly 
attributed to differences in the affinity of antibodies used in immunohistochemical testing. + 
However, while lymphocytes have not been reported in atherosclerotic lesions, CD4 , CD8 , and 
CD23 + (B lymphocytes) have been demonstrated in aortic fatty streaks of vascuhtis-prone 
MRL/^rmice. 32 

In both apoE -/- and LDL receptor -/- mice, the density of T lymphocytes in lesions decreased as 
lesions matured. Signals responsible for recruitment of lymphocytes have not been defined, 
although one proposed mediator is the lysophospholipid formed by the oxidation of LDL. 
Early lymphocytic recruitment to atherosclerotic lesions occurred, but further development of 
lesions ensued without a proportional increase in T lymphocytes. The early recruitment of 
lymphocytes to atherosclerotic lesions has also been observed in cholesterol-fed rabbits- - and 
rats ^Lymphocyte residence time and trafficking within atherosclerotic lesions have not been 
defined but may be important parameters. Introduction of exogenous lymphocytes distinguishable 
on the basis of a genetically incorporated marker may assist in understanding the biology of 
lymphocytes within atherosclerotic lesions. 

ApoE has been proposed as an endogenous regulator of the immune system, since it inhibits both 
monocyte^ and T lymphocyte^ proliferation. ApoE also inhibits interleukin-2-dependent T-cell 
proliferation, possibly by preventing transition from the Gl A phase of the cell cycle.- ApoE 
synthesis by macrophages varies according to the state of cell differentiation^ and may be 
inhibited by interferon gamma** and stimulated by increasing intracellular cholesterol 
concentrations.^ However, since apoE -/- mice develop severe atherosclerosis and inhibition of 
T lymphocytes enhances development of atherosclerosis,^ 22 2fl ^ physiological significance of 
the inhibitory effect of apoE on T lymphocytes in atherosclerotic lesions remains to be 
determined. 

T lymphocytes are present in atherosclerotic lesions in apoE -/- and LDL receptor -/- mice, 
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making both strains useful for the study of immunologic factors affecting the development of 
atherosclerosis. In addition, we observed differences in morphological characteristics of lesions 
that could be due to altered lipoprotein metabolism or immunologic factors, both of which are 
likely to be targets of pharmacological intervention in the modulation of atherosclerotic disease. 
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Abstract 

Low density lipoprotein receptor deficient (LDLR-KO) and apolipoprotein E deficient (apo E-KO) mice bo* develop 
hyperlipidemia and atherosclerosis by different mechanisms. The aim of the present study was to compare ^ dfateof 
JSJLn on cholesterol levels, endothelial dysfunction, and aortic lesions in these two models of ^^ at ^ IOX ^°J^ 
Male LDLR-KO mice fed a high cholesterol (HC; 1%) diet developed atherosclerosis at 8 months of age with hyPf™f" 
terolemia. The addition of simvastatin (300 mg/kg daily) to the HC dfat br l one months lowered total cholesterol levels by 
~ 57% and reduced aortic plaque area by ~ 15% compared with the LDLR-KO mice continued on HC die ?™> r<™ 5 - 
Simvastatin treatment also improved acetylcholine (ACh)-induced endothelhim-dependent vasorelaxation in isolated aortic rings 
which was associated with an increase in NOS-3 expression by -88% in the aorta measured by real tune polymerase chain 
reaction (PCR), P <0.05. In contrast, in age-matched male apo E-KO mice fed a normal diet, the same treatment of ™totm 
elevated serum total cholesterol by ~ 35%, increased aortic plaque area by ~ 15%, and had no effect on endothehal 1 function. 
These results suggest that the therapeutic effects of simvastatin may depend on the presence of a functional apolipoprotein E. 
© 2002 Elsevier Science Ireland Ltd. All rights reserved. 

Keywords: HMG-CoA reductase inhibitor; Atherosclerotic plaque; Cholesterol; Endothelial dysfunction; NOS-3; Apo E-knockout; LDLR-knock- 

out; Mouse 



1. Introduction 

Hypercholesterolemia is a major risk factor for de- 
velopment of atherosclerotic vascular disease [1]. Hy- 
droxy-methylglutaryl-coenzyme A (HMG CoA) 
reductase inhibitors (statins) lower cholesterol and re- 
duce cardiovascular morbidity and mortality in pa- 
tients with atherosclerosis [2-4]. A growing data base 
suggests that the beneficial actions of statins may be 
due to direct effects on the vascular wall in addition 
to lipid lowering. Moreover, atherosclerosis is often 
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accompanied by endothelial dysfunction due to im- 
paired endothelial nitric oxide (NO) production [5-8]. 
Statins have been shown to restore endothelia func- 
tion by restoring NO-mediated vasodilation in hyper- 
lipidemic rabbits [9] and in patients with coronary 
artery disease [10,11]. This improvement in endothe- 
lial function contributes to the cardiovascular benefits 
achieved by statin treatment. 

Low density lipoprotein receptor deficient (LDLR- 
KO) and apolipoprotein E deficient (apo E-KO) mice 
have been used to study mechanisms of atherogenesis 
[12,13]. It has been shown that simvastatin lowers 
lipid levels in LDLR-KO [14], but not in apo E-KO 
[15] mice* The present study was to compare the ef- 
fect of simvastatin on atherosclerosis development be- 

All rights reserved. 
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tween the two animal models of atherosclerosis. In 
addition, the effects of simvastatin on endothelial 
function and endothelial nitric oxide synthase (NOS- 
3) were also examined. 



2. Methods 

2A. Animals and experimental design 

Two-month-old male LDLR-KO mice (Jackson 
Laboratories, Bar Harbor, ME) were fed a high 
cholesterol (HC; 1%) diet for 8 months. At 10 
months of age the animals developed moderate 
atherosclerotic lesions in the aorta (35 ± 3%) accom- 
panied by hypercholesterolemia (591 ±75 mg/dl). 
They were then randomly divided into three groups, 
control group; continued on a HC diet; simvastatin 
group; fed a HC diet supplemented with 0.15% sim- 
vastatin (HC + SIM); and regular diet (RD) group, 
withdrawn from the HC diet and fed a regular chow 
diet. The above treatments were continued for 2 
months. 

Apo E-KO mice spontaneously develop hyperc- 
holesterolemia and atherosclerosis without the need 
for a cholesterol supplementation. For the present 
studies, 10-month-old male apo E-KO mice (Jackson 
Laboratories, Bar Harbor, ME) were used. One 
group of mice were fed a grain-based rodent diet 
(Bio-Serv, NJ) as controls and the other was on the 
same diet supplemented with 0.15% simvastatin for 
1-3 months. The daily dose of simvastatin in both 
LDLR-KO and apo E mice was approximately 300 
mg/kg, which has been shown to effectively reduce 
cholesterol by 37% in LDLR-KO mice [14]. 

At the end of the treatment period, all animals 
were fasted overnight and euthanized. Blood samples 
were collected via cardiac puncture at the time of 
death. Total serum cholesterol, triglycerides and high 
density lipoprotein (HDL) levels were determined en- 
zymatically (performed by IDEXX, West Sacramento, 
CA). LDL values were calculated from total choles- 
terol and HDL levels. The aortae were isolated for 
measurements of atherosclerotic lesion area, vascular 
reactivity, and NOS-3 mRNA expression. 

22. Measurement of atherosclerotic plaque 

The aortae were isolated, cleaned from the adher- 
ent connective tissue, fixed with 10% formalin, cut 
open longitudinally and pinned on black wax-coated 
petri dishes as previously described in detail [5], 
Atherosclerotic plaque area is visible without staining. 
The images of the open luminal surface of the aortae 
were recorded at a resolution of 512 x 512 using a 



RGB 3-chip CCD digital camera (Sony) mounted on 
a dissecting microscope (Nikon SMZ-2T) attached to 
a computer in 24 bit true image format. The images 
were analyzed using C-Simple software (C. Imaging 
1208, Compix, Mars, PA). Atherosclerotic plaque 
area was quantified and expressed as a percentage of 
total luminal surface area of the aorta. 

2.3. Assessment of vascular reactivity 

The thoracic aortae were dissected, cleaned from 
the adherent connective tissue, and placed in a 
HEPES-buffered solution containing (in mM), 140 
NaCl; 4.5 KC1; 1.0 MgCl 2 ; 5.5 glucose; 1.5 CaCl 2 ; 
and 10 HEPES at pH 7.4 and 20 °C. The aortae 
were cut into four rings and were placed in organ- 
bath chambers containing 15 ml of Krebs solution 
with the following composition (in mM), 118 NaCl; 
24.9 NaHC0 3 ; 4.7 KC1; 1.18 KH 2 P0 4 ; 1.66 MgS0 4 ; 
5.55 glucose; 2.0 Na-pyruvate; and 2.0 CaCl 2 . The 
solution was continually bubbled with a 5% C0 2 and 
95% 0 2 gas mixture and maintained at pH 7.4 and 
37 °C. Vessels were pre-treated with indomethacin 
(10" 5 M) for 30 min to inhibit cyclooxygenase medi- 
ated vascular effects and pre-contracted with KC1 (40 
mM), and washed with Krebs solution. Aortic rings 
were then stretched to 500 mg tension and allowed to 
equilibrate for 2 h prior to initiation of the experi- 
mental protocol. Tension measurements were recorded 
using Grass force-transducers connected to a data ac- 
quisition system (MP100 WS, Biopac, Goleta, CA). 
Data were digitized on-line at a rate of 1 sample per 
s and subsequently analyzed using Acknowledge soft- 
ware. Concentration response curves to U46619 (9,11- 
dideoxy-9a, 1 la-methanoepoxy prostaglandin F 2 J, a 
thromboxane receptor agonist, were then generated. 
The calculated concentration of U46619 that pro- 
duced 80% of the maximal contractile response (EC 80 ) 
was 20 nM. Endothelium-mediated relaxation was 
measured as the response to acetylcholine (Ach; 0.01 
nM-10 nM) in rings pre-contracted with U-46619 (30 
nM). In the LDLR-KO mice, endothelium-indepen- 
dent aortic ring relaxation was also measured as the 
response to sodium nitroprusside (SNP, 0.001-1 nM). 

2.4. Measurement of NOS-3 mRNA 

The isolated aortae were homogenized in 600 \x\, 
RLT buffer (Qiagen) using disposable generator 
probes (Omni International). Total RNA was then 
isolated using a RNeasy kit with DNase I digestion 
(Qiagen). Relative abundance of NOS-3 and internal 
control GAPDH were measured by real-time quanti- 
tative polymerase chain reaction (PCR) performed on 
an ABI PRISM 7700 Sequence Detector (PE Biosys- 
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terns). One-step reverse transcriptase (RT)-PCR am- 
plification of NOS-3 was carried out in a 50 \il reac- 
tion mixture consisting of 1 x TaqMan buffer A with 
the following composition (mM), 5.5 MgCl 2 ; 03 
dATP; 0.3 dCTP; 0.3 jiM dGTP; 0.3 dUTP; 0.025 
U/nI AmpliTaq Gold DNA polymerase, 0.025 U/\il 
RNase inhibitor, 0.025 U/\xl muitiscribe RT, 200 nM 
of each primer, and 100 nM probe. Thermal cycle 
conditions were 48 °C for 30 min and 95 °C for 10 
min followed by 40 cycles at 95 °C for 15 s and 
60 °C for 1 min. Primers and the probe for NOS-3 
were, upper primer, 5'-CGTCATCGGCGTGCT-3' (nt 
3436-3450), lower primer, 5-ACCTCCTGGGT- 
GCGC-3' (nt 3510-3496), and the probe, 5'-6FAM 
-CGGGATCAGCAACGCTACCA-TAMRA-3' (nt 
3452-3471). Primers and TaqMan probe for rodent 
GAPDH were purchased from PE Biosystems (P/N 
4308313). Hundred nanomol of each primer and 200 
mM of the probe were used in the reaction. The ex- 
pressions of NOS-3 and GAPDH were calculated 
against a standard curve with serial dilution of total 
RNA from murine hemangioendothelioma (EOMA) 
cells [16J. The experiment was repeated twice in tripli- 
cate for each sample. Values presented here are the 
ratio of NOS-3/GAPDH. 

2.5. Statistics 

All results are presented as the mean ± S.E.M. for 
the number of animals («) indicated. Multiple com- 
parisons of mean values were performed by analysis 
of variance (ANOVA) followed by a subsequent Stu- 
dent-Newman-Keuls test for repeated measures. Dif- 
ferences were considered to be statistically significant 
when the P value was < 0.05. The statistical analysis 
was performed using Statistica software (statsoft, 
Tulsa, OK). 



3* Results 

3.1. Effects 'of simvastatin in LDLR-KO mice 

LDLR-KO mice fed a HC diet for 10 months had 
hypercholesterolemia and developed atherosclerotic le- 
sions in the aorta (Fig. 1). Treatment with simvas- 
tatin (HC + SIM) decreased serum LDL cholesterol 
with no significant effects on HDL cholesterol or 
triglycerides levels (Table 1). As a result, the ratio of 
HDL/LDL was significantly higher in the HC + SIM 
compared with the HC group (Table 1). Simvastatin 
also reduced atherosclerotic lesion area by ~ 15%, 
compared with that in the HC group (Fig. 1). Mice 
given the regression diet for 2 months showed similar 
changes in lipid profiles and atherosclerotic lesions as 
were seen following simvastatin treatment (Table 1 




HC RD HC+SIM 



Fig. 1. Aortic atherosclerotic lesion area (top, n = 8 per group), total 
serum cholesterol levels (middle, n=U per group), and NOS-3 
mRNA expression in the aorta (bottom, n - 3 per group) of the 
LDLR-KO mice fed a HC diet without or with (HC + SIM) the 
supplementation of simvastatin (300 mg/kg, daily), or withdrawn 
from a HC diet and fed a RD, for 2 months. 

and Fig. 1). Combining the data from all three 
groups, aortic atherosclerotic lesion area was posi- 
tively correlated to total serum cholesterol levels 
and negatively correlated to the ratio of HDL/LDL 
(Fig. 2). 



Table 1 

Effects of simvastatin and diet on serum lipid profile (mg/dl) in 
LDLR-KO mice (n = 1 1 per group) 





HC 


RD 


HC + SIM 


LDL 


917 ±80 


256 ± 19** 


322 ±27** 


HDL 


98 ±6 


102±8 


77 ±6 


HDL/LDL 


0.12 ±0.01 


0.38 ± 0.04** 


0.24 ±0.03** 


Triglyceride 


213 ± 16 


226 ±19 


175±21 



P, 0.05; *\ /><0.01; vs. HC. 
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Fig. 2. The aortic atherosclerotic lesion area was positively correlated 
to the total circulating cholesterol levels (top) and negatively corre- 
lated to the ratio of HDL/LDL in the LDLR-KO mice. The data 
included all three groups of the mice fed a HC diet without or with 
(HC + SIM) the supplementation of simvastatin (300 mg/kg, daily), 
or withdrawn from a HC diet and fed a RD, for 2 months. 



ACh-induced endothelial NO-mediated aortic relax- 
ation was significantly greater in both the HC + SIM 
and RD groups than that in the HC group (Fig. 3A). 
Thus, the maximum responses were significantly 
greater in both the HC + SIM and RD groups than 
that in the HC group (Table 2). Endothelium- 
independent relaxation to SNP did not significantly 
differ among the three groups (Fig. 3B and Table 3). 
The expression of NOS-3 mRNA was significantly 
higher in both the HC + SIM and RD groups than 
the expression levels in the HC group (Fig. 1). 



3.2. Effects of simvastatin in apo E-KO mice 

Age-matched apo E-KO mice fed a RD had hyper- 
cholesterolemia and developed atherosclerotic lesions 
in the aorta, which tended to increase over time (Fig. 
4). Serum total and LDL cholesterol levels were 
higher and HDL cholesterol levels lower in the sim- 
vastatin than in the control group (Fig. 4 and Table 
3). As a result of these changes, the ratio of HDL/ 
LDL was significantly lower in the simvastatin than 
the control group. Triglyceride levels were not signifi- 
cantly different between the two groups. Aortic lesion 
area was greater in the simvastatin than control 
group (Fig. 4). Combining the data from both groups 
at all time points, aortic atherosclerotic lesion area 
was positively correlated to total serum cholesterol 
levels and negatively correlated to the ratio of HDL/ 
LDL (Fig. 5). 
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Fig. 3. Concentration- response curves of ACh (A) or SNP (B) 
induced relaxation in the aortic rings isolated from LDLR-KO mice 
fed a HC diet without or with (HC + SIM) the supplementation of 
simvastatin (300 mg/kg, daily), or withdrawn from a HC diet and fed 
a RD, for 2 months. 
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Tabic 2 

Sensitivity 0ogEC» pDJ and maximal response (E^ to ACh and SNP in isolated aortae from LDLR-KO mice fed a RD, HC diet without 

or with simvastatin (HC + SIM) 

Groups N ACh SNP 



RD 7 
HC + SIM 8 



*P<0.05 vs. RD group. 



pD 2 



, t (%) Pt> 2 ^max (%) 



„ r g 6 17 + 0.20 39.2 ±6.8* 7.74 ±0.18 81.8 ±3.8 

6 2 To 16 60.2 ±3.6 7.8 ±0.21 83.3 ±8.5 

6 45 ±0 11 63.4 ±6.9 7.79 ±0.22 78.8 ±4.2 



ACh-induced relaxation of the aortae isolated from 
apo E-KO mice were not significantly different 
between the simvastatin and control groups at both 
the 2 and 3 months time points (Fig. 6 and Table 4). 



These data indicate that an intact functional 
apolipoprotein E may be essential for the lipid 
lowering, anti-atherosclerosis and other therapeutic 
benefits of simvastatin. 



4. Discussion 

The major findings of the present study are that 
simvastatin has opposite effects on serum lipids and 
atherosclerosis in two different genetic mouse model 
of atherosclerosis. In the LDLR-KO mice, simvastatin 
decreased serum cholesterol levels and aortic lesion 
area. Theses changes were associated with an 
improvement in endothelial NO-dependent 
vasorelaxation and an increased NOS-3 mRNA 
expression. In contrast, in the apo E-KO mice, the 
same treatment with simvastatin increased serum 
cholesterol levels and aortic lesion area, with no 
changes in endothelial NO-mediated vasorelaxation. 



Table 3 

Effects of simvastatin on serum lipid profiles (mg/dl) in apo E-KO 
mice (n - 7-12 per group) 



Treatment (month) 


Vehicle 


Simvastatin 


LDL** 






1 


463 ± 55 


630 ±41 


2 


474 ± 42 


727 ±39 " 


3 


462 ±46 


605 ±42 


HDL* 






1 


70±6 


59±4 


2 


88 ±10 


51±6 


3 


100 ±5 


48 ±6 


HDL 1 LDL* 






1 


0.16 ±0.01 


0.10± 0.01 


2 


0.19 ±0.02 


0.07 ±0.01 


3 


0.26 ±0.05 


0.08 ±0.01 


Triglycerides 




198 ±48 


1 


193 ±32 


2 


173 ±19 


141 ±7 


3 


158 J: 21 


109 ±8 



*, /*<0.05; / > <0.01 between two groups. 



4.L Effects of simvastatin on hypercholesterolemia 

In the present study, simvastatin at a daily dose of 
300 mg/kg significantly reduced total cholesterol by 




Treatment Time (Month) 



Fig. 4. Atherosclerotic lesion area in the aorta (top) and total serum 
cholesterol levels (bottom) of the apo E-KO mice treated with 
simvastatin (300 mg/kg, daily) or vehicle for !-3 months. P<0.05 
between the simvastatin and vehicle treatment group for both the 
plaque area and total serum cholesterol levels. 
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51% in LDLR-KO mice fed a HC diet. This result is 
consistent with a previous report by Bisgaier et ah, 
who reported that at the same daily dose, simvastatin 
reduced total circulating cholesterol by 37% in 
LDLR-KO mice [14]. The magnitude of cholesterol 
lowering by simvastatin was also similar to that ob- 
served in untreated LDLR-KO mice fed a regression 
diet for 2 months. In contrast, the same dose of sim- 
vastatin resulted in a 27% increase in serum choles- 
terol in apo E-KO mice. This finding is consistent 
with that of Quarfordt et aL, who also reported that 
lovastatin (50 mg/kg daily) increased circulating 
cholesterol by 70% in apo E-KO mice, but not in 
wild-type controls [15]. These results suggest that the 
lipid lowering effect of statins may depend on the 
presence of intact apolipoprotein E, which functions 
to transport circulating cholesterol into cells, particu- 
larly hepatocytes and acts as an important mediator 
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Fig. 6. Concentration-response curves of ACh-induced relaxation of 
the aortic rings isolated from apo E-KO mice treated with simvastatin 
(300 mg/kg per day) or vehicle for 2 (top) and 3 (bottom) months. 
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Fig. 5. The aortic atherosclerotic lesion area was positively correlated 
to the total circulating cholesterol levels (top) and negatively corre- 
lated to the ratio of HDL/LDL in the apo E-KO mice. The data 
included all groups of mice treated with simvastatin (300 mg/kg, 
daily) or vehicle for 1 -3 months. 



for hepatic metabolic clearance of circulating choles- 
terol [12]. In the absence of the apolipoprotein E, 
hepatic clearance and metabolism of cholesterol are 
reduced, resulting in hypercholesterolemia [12,13,17]. 
Impairment of hepatic cholesterol transport may also 
result in up-regulation of cholesterol synthesis [18]. 
Indeed, lovastatin has been reported to increase the 
expression of HMG CoA reductase mRNA [19] and 
protein [20], thereby increasing cholesterol synthesis 
[15] in apo E-KO mice, but not in wild-type controls. 
This may explain the paradoxical elevation of choles- 
terol in simvastatin-treated apo E-KO mice. 



4.2. Effects of simvastatin on atherosclerosis 

Accompanied by its lipid lowering effect, simvas- 
tatin significantly reduced aortic atherosclerotic 
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lenshWity (logEC 50 , p»j and maximal response ( E^> to ACh and SNP in isolated aortae from apo E-KO mice treated without (control) or 
with simvastatin for 2 or 3 months . , . 



Groups Duration 



Two months 



Three months 



£ max (%) N PD 2 ^max (%) 



— ~Z ,«, rt07 75 8 + 8 2 4 7.31 +0.20 67.5 ± 14.7 

C ° ntr01 \ ilitlu 826? 57 6 7.15±0.32 68.0 ± 19.8 
Simvastatin 6 7.37 ±0.34 82.6 ±15./ o - 



plaque area in LDLR-KO mice. In contrast, simvas- 
tatin accelerated atherosclerosis that accompanied an 
elevation of serum cholesterol levels in apo E-KO 
mice. Hypercholesterolemia is an important risk fac- 
tor leading to atherosclerosis. Animals with hyperc- 
holesterolemia, resulting from either a HC diet 
[21-23] or from inherited defects in lipid metabolism 
[5-7], develop atherosclerotic plaques in the vascular 
wall. Therefore, the reduction in atherosclerotic le- 
sions by simvastatin in LDLR-KO mice can be ex- 
plained by its lipid lowering effect, since similar 
reduction in serum cholesterol and aortic lesion area 
were observed in untreated mice fed a RD. On the 
other hand, the increase in atherosclerosis by simvas- 
tatin in apo E-KO mice could be explained by ele- 
vated serum lipids. This is consistent with a previous 
report that feeding a HC diet to apo E-KO mice 
further exacerbated hypercholesterolemia and acceler- 
ated lesion development [24]. HDL is known to be 
involved in reversing cholesterol transport from the 
vascular wall [25,26]. Therefore, elevation of HDL/ 
LDL ratio by simvastatin in LDLR-KO mice could 
also contribute to its anti-atherosclerotic effect. 
Likewise, reduction of HDL/LDL ratio by simvas- 
tatin in apo E-KO mice could contribute to accelera- 
tion of atherosclerosis. The fact that aortic lesions 
correlated positively to the total serum cholesterol 
levels and negatively to the HDL/LDL ratio in both 
the LDLR-KO and apo E-KO mice support the 
above view. 

4 J. Effect of simvastatin on endothelial function 

Endothelial dysfunction, characterized by reduced 
NO-dependent vascular relaxation, is an early marker 
of atherosclerosis [27]. Endothelial function is im- 
paired in a number of experimental models of 
atherosclerosis, including hyperlipidemic rabbits [9] 
and apo E-KO mice [5], as well as in patients with 
atherosclerosis [8]. Statins have been shown to reverse 
endothelial dysfunction in hyperlipidemic rabbits [9] 
and in humans [10,11]. This effect of statins has been 
attributed to stabilization of NOS-3 mRNA leading 



to the increase in NOS-3 expression [28,29]. Indeed, 
in the present study, simvastatin treatment signifi- 
cantly increased the expression of NOS-3 mRNA in 
the aorta of LDLR-KO mice. This was associated 
with enhanced ACh-induced endothelial NO depen- 
dent vasorelaxation. Although there is strong evidence 
that direct effect on NOS-3 expression is the underly- 
ing mechanism for the improvement in endothelial 
function, the present study was not designed to deter- 
mine the mechanism of action of simvastatin on 
NOS-3 and can not differentiate direct effects on the 
vascular wall from secondary effects due to changes 
in serum lipids. In apo E-KO mice, on the other 
hand, the potential direct beneficial effect of simvas- 
tatin on endothelial function could be masked or 
compromised by increased cholesterol levels and 
atherosclerosis. This may explain the lack of signifi- 
cant effect of simvastatin treatment on ACh-induced 
NO-dependent aortic ring relaxation in the apo E-KO 
mice. 

During the preparation of this manuscript, Sparrow 
et al. published a paper demonstrating both anti-infl- 
ammatory and anti-atherosclerotic activities of sim- 
vastatin in apo E-KO mice [30]. In that study, 
simvastatin had no significant effect on circulating 
cholesterol levels. The apo E-KO mice were fed a HC 
diet, which resulted in a very high circulating choles- 
terol levels (- 1000 mg/dl) and severe atherosclerosis 
in the aorta. The apo E-KO mice in the present study 
were fed a RD, resulting in moderate hyperlipidemia 
with serum cholesterol levels at ~ 500 mg/dl and a 
less severe atherosclerosis. These differences in the 
diet and circulating lipid levels, as well as the severity 
of atherosclerosis, may contribute, at least in part, to 
the different results. 

In summary, the present study demonstrates that in 
LDLR-KO mice, treatment with simvastatin for 2 
months significantly decreased serum cholesterol lev- 
els, improved endothelial function, and reduced 
atherosclerosis. In contrast, in apo E-KO mice, the 
same treatment of simvastatin elevated serum choles- 
terol levels and increased atherosclerosis with no ef- 
fect on endothelial function. Thus, the beneficial 
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effects of statins may depend on the presence of func- 
tional apolipoprotein E. It has to be pointed out that 
the mechanisms involved in atherosclerosis induction in 
these animal models are different. In LDLR-KO mice, 
it is diet-induced, while in apo E-KO mice, it is primar- 
ily due to 'genetics'. This difference may also explain 
the different effects observed regarding endothelial 
function. Thus, whether the current findings can be 
applied to human, as they are less dependent on apo E 
for the catabolism of LDL, is a new pharmacogenetic 
topic that needs to be further studied. 
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